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 The long term survival of arthoplasty is strongly related to the quality of the immediative post-
operative healing of periprosthetic tissue. Despite good clinical results, revisions are increasing (hip, 
knee, shoulder). 
 The central hypothesis of this work was that modeling of mechanobiological interactions and neo-
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computational cell biology (cellular migration and proliferation in presence of anabolic growth 
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®
.  
 Parametric sensitivity studies were implemented to study the role of mechanical instability of 
implant and the supply from the neo-vascularization of the periprosthetic zone. The results were in 
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observations. This confirmed the potential interests of our original methodology. 
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Résumé 
 
 La durée de vie d’une arthroplastie est étroitement liée à la qualité de la cicatrisation post-opératoire 
de l’interface os-implant. Malgré des résultats cliniques satisfaisants, les problèmes de reprise de 
prothèse (hanche, genou, épaule) sont en constante augmentation. 
 L'hypothèse centrale du travail de recherche a consisté à supposer que la modélisation des 
intéractions mécanobiologiques et de la néo-vascularisation au sein des tissus biologiques de la zone 
périprothétique pouvait permettre d'aider dans la compréhension des phénomènes multifactoriels de 
cicatrisation.  
 Une méthodologie propre aux transports réactifs en milieux poreux déformables a été associée à des 
concepts de migrations et de proliférations cellulaires en présence de facteurs de croissance pour 
proposer des lois de comportement mécanobiologiques de la cicatrisation intramembranaire. Ont été 
prises en compte les interactions entre les populations cellulaires ostéoblastiques, endotheliales, les 
facteurs de croissance osseux, les facteurs angiogéniques et fibronectines, pour établir les équations de 
croissance tissulaire. 
 L’application a concerné un implant de référence (canine micromotion implant) développé dans le 
cadre d'une collaboration internationale (K. Søballe - Denmark, J.E. Bechtold - USA). La résolution 
numérique spatio-temporelle a été réalisée par la méthode des éléments finis et implémentée dans 
l’environnement COMSOL Multiphysics®.  
 Des études de sensibilités paramétriques ont permis d’évaluer le rôle de l’instabilité mécanique de 
l’implant et l’apport de la néo-vascularisation dans la zone périprothétique. Les résultats obtenus ont 
été en bon accord avec la base de données issue du modèle expérimental et avec les observations en 
environnement clinique. Ces résultats ont permis de conforter la stratégie originale mise en œuvre 
dans ce travail de recherche. 
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Introduction 
 
 Les pathologies ostéoarticulaires constituent une des causes principales de handicap dans 
les sociétés occidentales et elles représentent un problème majeur de santé publique. Les 
arthroplasties de hanche, de genou et d'épaule sont en constante augmentation, et malgré les 
résultats satisfaisants des poses de première intention, les problèmes de révision sont toujours 
croissants. La survie à long terme de l'interface os-implant est fortement dépendante des 
conditions initiales du problème. La qualité de la cicatrisation post-opératoire des tissus 
périprothétiques dépend du capital osseux de la zone, de la néo-vascularisation, des propriétés 
physico-chimiques de la surface de l'implant et de la technique chirurgicale. 
 
 L'hypothèse centrale du travail de recherche consiste à supposer que la modélisation des 
intéractions mécanobiologiques et de la néo-vascularisation au sein des tissus biologiques de 
la zone périprothétique pouvait permettre d'aider dans la compréhension des phénomènes 
multifactoriels de cicatrisation. L’application concerne un implant de référence (canine 
micromotion implant) développé dans le cadre d'une collaboration internationale (K. Søballe - 
Denmark, J.E. Bechtold - USA). 
 
 Une méthodologie propre aux transports réactifs en milieux poreux déformables est 
associée à des concepts de migrations et proliférations cellulaires en présence de facteurs de 
croissance pour proposer des lois de comportement mécanobiologiques de la cicatrisation 
intramembranaire. Sont prises en compte les interactions entre les populations cellulaires 
ostéoblastiques, endotheliales, les facteurs de croissance osseux, les facteurs angiogéniques et 
fibronectines, pour établir les équations de croissance tissulaire. 
 
 L’étude bibliographique dans le premier chapitre concerne les principaux acteurs de la 
cicatrisation périprothétique. La biologie de la cicatrisation, le rôle des cellules (ostéoblastes 
et cellules endothéliales) et leur capacité d’adaptation aux modifications de leur 
environnement et des interactions avec les facteurs de croissance, sont particulièrement 
étudiés. Ce travail préliminaire permet de définir les cibles d’études théoriques à développer : 
les proliférations et migrations cellulaires aléatoires et actives, les interactions avec les 
facteurs de croissance osseux (type TGF-1) ou associés à l’angiogénèse (transforming 
angiogenic factors, fibronectine), et la synthèse de matrice osseuse. Tout ceci est à intégrer 
dans une approche de type transport en milieux poreux réactif et déformable. 
 
 Le chapitre 2 propose une formulation mécano-biologique de la cicatrisation 
intramembranaire adaptée à l’interface os-implant. 
 
 Le chapitre 3 du mémoire concerne l’application de la mise en équation précédente au cas 
du « canine micromotion implant ».  
 
En dernier lieu, une conclusion générale et des perspectives de recherche sont présentées. 
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Chapitre I - Etude bibliographique 
  
 Les pathologies ostéoarticulaires constituent une des causes principales de handicap dans 
les sociétés occidentales et elles représentent un problème majeur de santé publique. Les 
arthroplasties de hanche, de genou et d'épaule sont en constante augmentation, et malgré les 
résultats satisfaisants des poses de première intention, les problèmes de révision sont toujours 
croissants. La survie à long terme de l'interface os-implant est fortement dépendante des 
conditions initiales du problème. La qualité de la cicatrisation post-opératoire des tissus 
périprothétiques dépend du capital osseux de la zone, de la néo-vascularisation, des propriétés 
physico-chimiques de la surface de l'implant et de la technique chirurgicale. 
 
 Dans le cas général, un nombre important de paramètres biologiques interviennent dans la 
cicatrisation des tissus osseux. Les plus significatifs sont les ostéoblastes, les cellules 
endothéliales, les ostéocytes, les ostéoclastes, les facteurs de croissance, les enzymes, les 
plaquettes et les macrophages. La cicatrisation périprothétique est une cicatrisation 
intramembranaire sans phase cartilagineuse comme dans le cas des fractures osseuses 
(procédé osteocondral). Les cellules ostéoclastes interviennent très peu dans cette phase 
intramembranaire qui précède le remodelage osseux. 
 
 Les ostéoblastes produisent un très grand nombre de facteurs de croissance, parmi lesquels 
le TGF-β1 qui est un régulateur significatif de la cicatrisation par son action mitogénique sur 
les ostéoblastes et sa capacité à stimuler la création de matrice osseuse. Il est donc 
particulièrement intéressant de considérer les modes d’actions autocrine et paracrine dans la 
modélisation de la cicatrisation. 
  
 Les cellules endothéliales sont les cellules primaires impliquées dans l’angiogénèse. Elles 
participent à la construction de la micro-vascularisation en fournissant l’oxygène et les 
nutriments aux tissus et en éliminant les déchets. Elles contribuent aussi à la réponse des 
tissus en libérant des facteurs pro-inflammatoires et en exprimant des molécules qui jouent un 
rôle sur l’adhésion des ostéoblastes. La migration des cellules endothéliales est directement 
affectée par la réponse chimiotactique aux «Transforming Angiogenic fFactors» (TAF). Par la 
création de gradients chimiotactiques, ces molécules sont responsables de la migration active 
des cellules endothéliales. L’adhésion des cellules endothéliales sur la matrice extracellulaire 
est conditionnée par l’implication haptotactique des «Fibronectins Factors (FF) ». 
  
 La nature du substrat constitutif de la surface de l'implant implique des comportements 
cellulaires différenciés comme la synthèse des facteurs de croissance ou la motilité cellulaire 
sensiblement influencée par les gradients locaux d'adhésion et de porosité. La déformation du 
tissu osseux initié par les déplacements de l’implant sous chargement mécanique modifie 
également le comportement des ostéoblastes qui s'adaptent à leur environnement. 
 
 Cette étude bibliographique conduit à énoncer l’hypothèse de travail sous-jacente à notre 
travail de recherche. Il apparaît que la modélisation théorique et numérique des interactions 
mécanobiologiques et de la néo-vascularisation au sein des tissus biologiques de la zone 
périprothétique doit permettre d'aider à la compréhension des phénomènes multifactoriels de 
cicatrisation, évènements généralement inaccessibles in-vivo. 
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Chapitre II - Formulation mécanobiologique de la cicatrisation 
périprothétique 
 
 La formulation que nous avons développée est gouvernée par des équations de type 
convection-diffusion-réaction, en portant une attention particulière aux termes sources. Le 
point central du processus de cicatrisation fait appel à une formulation poroélastique 
multiphasique précédemment développée et complétée dans ce travail de thèse. 
 
 Il est proposé une formulation mécanobiologique de la cicatrisation intramembranaire 
adaptée à l’interface os-implant. La première mise en équation concerne une formulation 
continue de la prolifération et de la migration des cellules endothéliales, ce qui permet 
d’approcher de manière macrocospique la néo-vascularisation de la zone. L’influence des 
transforming angiogenic factors et des fibronectines est prise en compte.  
 
 Dans un second temps la prise en compte des transports réactifs en milieu déformable est 
proposée. Le couplage entre la fraction structurale (ou solide) du milieu poreux et la fraction 
fluide ainsi que les interactions avec les paramètres biologiques sont développés. Les cellules 
endothéliales interagissent avec la population d’ostéoblastes dans les termes sources. 
 
Chapitre III - Rôle des cellules endothéliales dans la 
cicatrisation périprothétique 
 
 La résolution spatio-temporelle du système d’équations est menée par la méthode des 
éléments finis mixte (déplacement, pression) dans l’environnement COMSOL Multiphysics®. 
Des études de sensibilité paramétriques sont menées pour évaluer l’influence de facteurs 
biologiques, mécano-biologiques et mécaniques (instabilité de l’implant) 
 
 Deux plans d’expériences numériques s’intéressent à l’effet des conditions initiales en 
facteurs de croissance (TAF et FF) et en densité des cellules endothéliales sur le temps de 
migration et sur la concentration finale des cellules endothéliales dans l’interface os-implant. 
Le second plan d’expériences permet d’étudier l’effet des facteurs aléatoires, haptotactiques et 
chimiotactiques sur le temps et la migration des cellules endothéliales dans l’interface os-
implant.  
 
 Dans un second temps, les couplages poroélastiques et les interactions mécanobiologoqies 
entre les phases de cellules endothélailaes et ostéoblastiques et leurs facteurs de croissance 
associés sont étudiés. Ceci permet de prévoir l’influence de l’instabilité mécanique de 
l’implant sur la cicatrisation. Des lois de croissance des propriétés mécaniques (perméabilité 
effective, modules d’élasticité et coefficients de Poisson) sont numériquement déterminées. 
 
Conclusion et perspectives  
 
 L'objectif de notre travail de recherche a été de proposer un cadre de travail théorique et 
numérique permettant d'avancer dans la compréhension de la cicatrisation des tissus 
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périprothétiques. La mécanique des milieux poroélastiques a été associée aux concepts de 
prolifération et migration cellulaires en présence de facteurs de croissance pour développer un 
modèle de transport réactif. 
 
 La résolution numérique des équations spatio-temporelles a été menée par la méthode des 
éléments finis en approche mixte (déplacement, pression). L’application a concerné le 
« canine micromotion implant », support d’une collaboration internationale (USA-Danemark). 
 
 Il a été déterminé la présence d’un front de migration de cellules endothéliales, de l’os hôte 
vers l’implant, variable en amplitude d’oscillation. La concentration initiale de cellules 
endothéliales a montré un rôle significatif sur la neo-formation de matrice osseuse à la surface 
de l’implant et dans la zone initiale du passage de l’implant (drill-hole). Dans le cas d'un 
implant présentant des instabilités sous chargement mécanique, le modèle a également montré 
une atténuation des fractions solides dans le tissu néo-formé. 
 
 Qualitativement, et pour certains points quantitativement, nos résultats ont présentés des 
similitudes avec des résultats expérimentaux (canine micromotion implant) ou observations 
cliniques (ingénierie tissulaire, oncologie). Ceci conforte la stratégie originale mise en œuvre 
dans ce travail de recherche. 
 
Les perspectives de recherche sont les suivantes : 
 
- Etude in-vitro des propriétés de différenciation, prolifération et migration de populations 
cellulaires (ostéoblastes, cellules endothéliales) sur substrats contrôlés, en présence de stimuli 
mécaniques. 
- Etude ex-vivo de la néo-vascularisation : histomorphométrie spécifique appliquée au 
« canine micromotion model » 
- Etude in-vivo des stimuli mécaniques : instrumentation du « canine micromotion model »  
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Mathematical Notations 
Notation Description Unit 
o
mC  maximal concentration of osteoblasts  cell/mm
3 
g
pC  physiological concentration of  bone anabolic growth factors ng/mm
3 
s
i  structural (or solid) fraction at the surface of the implant % 
s
h  structural  (or solid) fraction into the host bone % 
E
e effective Young modulus of the porous structure Pa 
v
e effective Poisson ratio adimensioned 
K
e 
effective stiffness N/m 
σ mechanical stress Pa 
σs
 
mechanical stress into the structural (or solid)   phase Pa 
σf
 
mechanical stress into the fluid phase Pa 
pf pressure into the fluid phase Pa
 
μs 
effective Lamé coefficient of the porous structure (or shear modulus 
G) 
Pa 
νs effective Poisson ratio of the porous structure adimensioned 
C
o concentration of osteoblasts cell/mm3 
C
g concentration  of  bone anabolic growth factors ng/mm3 
D
o coefficient of osteoblasts random motility  m3/s 
D
g diffusion coefficient of  bone anabolic growth factors m3/s 
d
g decay factor for anabolic growth factor uptake by osteoblasts activity  mm6/cell2.s 
h
o coefficient of haptotactic migration of osteoblasts mm5/s.kg 
кs/μ effective permeability of porous medium ( μ : fluid viscosity) mm
4
/N.s 
n
o osteoblasts number per volume unit cell/mm3 
n
g amount of bone anabolic growth factors per volume unit ng/mm3 
q
o flux of osteoblasts population cell/mm3.s 
q
f/s fluid flux mm/s 
q
g flux of bone anabolic growth factors ng/mm3.s 
q
n
 flux of endothelial cells  cell/mm
3
.s 
q
c
 flux of transforming angiogenic factors (TAF) mole/mm
3
.s 
U displacement field of the porous structure m 
αo proliferation coefficient of osteoblasts  mm9/cell2.ng.s 
αg proliferation coefficient of bone anabolic growth factors  ng.mm3/cell2.s 
αs synthesis coefficient of structural (or solid) porous matrix mm6/cell.ng.s 
εe equivalent mechanical strain  % 
ε mechanical strain into the structural (or solid) phase  % 
J elastic strain tensor into the structural (or solid) phase adimensioned 
ρs density of the structural (or solid) phase kg/mm3 
f  volume fluid fraction % 
s  volume structural (or solid) fraction % 
χo coefficient of chemotactic migration of osteoblasts mm5/s.ng 
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o  source term of osteoblasts population  cell/mm
3
.s 
g  source term of bone anabolic growth factors ng/mm
3
.s 
s  source term of the structural (or solid) phase s
-1 
h
n
 coefficient of haptotactic migration of endothelial cells  cm
3
/s.mole 
n concentrations of endothelial cells  cell/mm3 
D
n diffusion coefficient of endothelial cells  cm2/s 
χn(c) chemotactic migration function of endothelial cells  cm3/s.mole 
f concentration of fibronectins factors (FF) mole/mm3 
c concentration of transforming angiogenic factors (TAF)  mole/mm3
 
n  source term of endothelial cells  cell/mm
3
.s 
c  source term of transforming angiogenic factors (TAF) mole/mm
3
.s 
f  source term of fibronectins factors (FF) mole/mm
3
.s 
nN  maximal concentration of endothelial cells  Cells 
nk  chemotactic response coefficient of endothelial cells  adimensioned 
αn coefficient of endothelial cells proliferation mm
3
/cell.s 
n
0  coefficient of chemotactic migration of endothelial cells  cm
3
/s.mole 
D
c diffusion coefficient of transforming angiogenic factors (TAF) cm3/s 
λc uptake coefficient  of transforming angiogenic factors (TAF) mm3/cell.s 
D
f
 diffusion coefficient of fibronectins factors (FF)  moles/cell.s 
ωf synthesis coefficient of fibronectins factors (FF) moles/cell.s 
μf uptake coefficient of fibronectins factors (FF)   mm3/cell.s 
nl threshold of endothelial cells for osteoblasts proliferation Cell 
ri radius of the canine implant mm 
rd radius of the drill-hole mm 
rg radius of the gap junction mm 
rh radius of the host bone mm 
u(r) radial component of the displacement field mm 
w(r) axial component of the displacement field mm 
Ft axial force applied onto the canine implant N 
l thickness of the modeled tissue slice mm 
K
t effective stiffness of new-formed periprosthetic tissue N/m 
μt effective Lamé coefficient (shear modulus) of  periprosthetic tissue Pa 
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Introduction 
 Osteo-articular pathologies are one of the main causes of handicap in occidental societies 
and they represent a major health problem. Hip, knee and shoulder arthroplasties are 
augmenting and despite good clinical results in primary surgery, revisions are constantly 
increasing. The long term survival of the bone-implant interface is strongly dependent upon 
the initial conditions of the problem. The quality of post-operative healing of periprosthetic 
tissue is dependent on the bone properties, the neo-vascularization, the physico-chemical 
properties of the implant surface and the surgical technique. 
 
 The central hypothesis of this work was that modelling of mechanobiological interactions 
and neo-vascularization into biological tissues of periprosthetic zone might help to investigate 
the multifactorial events in tissue healing. The application concerned a reference experimental 
implant (canine micromotion implant) developed within the framework of an international 
collaboration (K. Søballe - Denmark, J.E. Bechtold - USA). 
 
 The methodology of reactive transports in deformable porous media has been associated to 
computational cell biology (cellular migration and proliferation in presence of anabolic 
growth factors). The population of osteoblasts and endothelial cells, the phases of bone 
growth factors, angiogenic factors and fibronectins have been taken into account to propose a 
set of governing equations describing the process of intramembranous healing. 
 
 The bibliographic study in Chapter 1 concerns the main actors of the periprosthetic 
healing: the biology of bone healing, the osteoblasts and endothelial cells and their 
interactions with growth factors. 
 
 In Chapter 2, a mechanobiological formulation of intramembranous healing is proposed. 
The set of governing equations is dedicated to the prediction of tissue healing and spatio-
temporal bone formation into a post-operative gap. 
 
Chapter 3 concerns the application of the governing equations to our canine micromotion 
implant. Parametric sensitivity studies are implemented to study the role of mechanical 
instability of the implant and the supply from the neo-vascularization of the periprosthetic 
zone. 
 
Finally, a general synthesis is developed and research perspectives are announced. 
 
Chapter I – Bibliographic study 
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1.1 Arthroplasties and mechanobiology 
 Orthopedic arthroplasty improves patient quality of life, and at 10-15 years approximately 
95% of implants are still functioning well. However, up to 20% of hip replacement operations 
currently are revisions for aseptic loosening. For total knee arthroplasties and shoulder 
arthroplasties, revisions are also increasing.  
 
 The quality of the implant fixation to its surrounding bone determines its clinical longevity. 
While this fixation quality is determined primarily by bone and tissue anchoring the implant, 
conditions influencing bone growth in the early post-operative period include the surgical 
technique and coupled mechanical and biochemical factors. The surgical technique is also of 
high influence. 
 
 Many techniques are used to fix the implants during the operation. The press-fit consists to 
use the force by implant impaction method to put the prosthesis into the bone in an anatomic 
form and size similar to the natural patient articulation. Other technique consists in predicting 
enough space between the bone and the implant to permit bone remodeling. An intermediary 
technique, the exact-fit, consists by not giving enough space for bone remodeling, but also 
without exercising enough initial assembly effort (Bonneviale P 2005). 
 
 The role of bioactive coating is important in the reliability of the implant fixation. Even if 
we see that non-cemented prosthesis are more and more used, we can find a geographical 
disparity on the choice of orthopedic implants. Thus, in Scandinavia we can find that 
cemented prosthesis are the most implanted. In Europe and France, non-cemented implants 
with hydroxyapatite coating are the most implanted. While in the United States, non-
cemented prosthesis is frequently used (Rae 1981). In recent years, several antimicrobial 
surface coatings have been developed; polyvinylpyrrolidone (PVP) take advantage of the anti-
adhesiveness of hydrophobic coatings (Legeay et al. 2006). Furthermore, releasing antibiotics 
over long periods and the introduction of noble metals into the surfaces enhanced the long 
term period of implant coatings (Ewald et al. 2006, Norowski et al. 2009). Also, drug 
incorporated nanostructured polypyrrole coatings on titanium are capable of effectively 
treating potential orthopedic implant infection and inflammation (Sirivisoot S 2011). 
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 The central paradigm of the mechanobiology applied on osteoarticular system and the 
mechanical charges modulate the architectural and the structural properties of the biological 
tissues. The central question is to know how these tissues are produced, maintained and 
adapted by cells in response to biophysical active stimuli. The idea to relate the form and 
functionality is not new (Singh SP 2007). Nowadays, it appears the possibility to associate 
new knowledge in cellular biology, biomathematics, and more generally in modeling to better 
understand the adaptation functionality of the tissues.  
1.2 Constitutive elements of bone tissue 
1.2.1 A multi-level architecture 
 Bone tissues are connectives tissues; it is consisted by an extracellular matrix maintained 
by distributed cells. These cells are of two types: osteoblasts and osteocytes form the 
extracellular matrix and osteoclasts recuperate the destroyed matrix. 
 
 The first functionality of the bone tissue is mechanical. Its fundamental substance assures 
the rigidity to the body and protects all the vital organs: the skull protects the brain, the 
vertebral column protects the spinal cord, and the thoracic cage protects the lungs and the 
heart. It also assures with the muscles the mobility to the body.  
 
 The second functionality of the bone tissue is metabolic. The bone tissue is constantly 
renewed and remodeled as a function of its exterior environment especially as a function to 
the mechanical stimuli applied. The extracellular matrix is destroyed and reproduced 
permanently. 
 
 The third functionality of the bone tissue is hematopoietic; it is responsible of the 
fabrication of the main elements consisting the blood: the red blood cells (erythrocytes), the 
white blood cells (leucocytes) and the platelets (thrombocytes). The bone tissue contains the 
hematopoietic marrow in the medullar area; this contains the stem cells that will later 
differentiate into blood cells and bone cells. 
 
Bones are generally classified on their 
general shapes: long bones (tibia, femur, 
humerus), short bones (carpal bones) and 
plate bones (sternum). On a macroscopic 
level, we can designate cortical or compact 
bones to trabecular or spongious bones. The 
classification between cortical bones and 
trabecular bones is principally based on the 
degree of porosity. Porosity in cortical bones 
varies between 5 and 30% (Alfredson H 
1998) and its density is about 1.8 g/mm
3
 
(Fung 1993); this would give cortical bones 
its high resistivity and rigidity. It consists of 
the compact layer of the long bones shaft. 
Porosity of the trabecular bones varies from 
30 to 90%. This structure is present in the 
centre of long bones shaft and in short and 
plates bones (Bobyn JD 1980).  
Figure 1: The Havers system 
(http://wikidoc.org/images/3/34/Illu_compact_spongy_bone.jpg) 
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 At the microscopic level, it is generally the collagen fibers that classify bone types. In this 
framework, we distinguish three types of bones. The first type is the reticulus fibrous bones 
(or immature bones); the collagen fibers are dispersed without any particular organization. We 
find these fibers in bones existed in fetus or during fracture healing. The second type is the 
fasciculate fibrous bones; the collagen fibers are continuously attached to those existing in the 
ligaments and tendons around bones. It is mainly found in the dental alveoli. The third type is 
lamellar or mature bone (compact bones); it is principally composed with osteons (Havers 
system, Figure 1) or concentric lamellas disposed around the Harvesian canals. These canals 
contain blood capillaries and nervous fibers. They are related with each others, also with the 
medullar cavity and the bone surface with vertical and horizontal canals, they are named the 
Volkman canals. Between osteons, we find osseous lamellas and old osteons remains that are 
partially covered and constitute the intersticial system (Sims N 2000). 
 
 The extracellular matrix (ECM) is composed of osseous substance, fibers and 
glycoproteins. Fibers are constantly made of collagen of type I (80%) and VII. They are 
parallels with each other and are organized as a function of the force and the pressure 
exercised on them. The fundamental substance is primarily formed of an organic part and a 
mineral part. The proportionality of the organic substance vary from 5 to 15%, this percentage 
could change as a function of the studied zone. This matrix is highly unhydrated, (50% of 
water in the bone tissue). This is caused by the low content of proteoglycans presented in high 
quantities in the cartilaginous tissue and in a variable way as a function of the age and the 
degree of mineralization.  
 
 The organic ECM represents 22% of the bone density; it is essentially composed of 
collagen type I in form of large fibers organized in lamellas of glycosalinoglycans (GAG), 
proteoglycans and non-collagen proteins specified to bone tissue.  
 
 Between the ECM proteins, we can find the ospteopontins which relate the hydroxyapatite 
to the bone cells and their main role is to stop the extensive development of hydroxyapatite 
crystals. Also we can find osteonectins who play a role in mineralization due to its affinity to 
collagen I and calcium. Osteocalcins are markers to mature osteoblasts, also intervene in 
mineralization. Bone sialoproteins intervene in the formation of hydroxyapatite crystals. 
 
 The mineral phase of the ECM is consisted by hydroxyapatite crystals (tricalcic phosphate) 
and calcium phosphate. These crystals follow the collagen fibers and calcium ions to the 
surface and participate to the rapid exchange with the interstitial fluid. 
1.2.2 Constitutive cells of bone tissue 
The homeostasis maintenance of calcium and structural integrity of the skeleton are 
realized by the action of two major cells: the osteoblasts and the osteoclasts. These cells are 
implied in bone development and the permanent renewal of the bone matrix. Thus they 
maintain the homeostasis of calcium. 
Osteoclasts 
 Osteoclasts are responsible of the resorption of bone tissue. It is a giant multi-nucleus cell; 
it could reach 100μm of diameter and contains 4 to 20 nucleuses. It is generally situated in 
contact to the bone calcified surface and gaps to result in its proper activity of resorption. It is 
possible to find 4 or 5 osteoclasts in the same resorption site, but they are most of the time 
isolated or work by pairs (Baron R 1993). The principal characteristic of this cell is the 
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abundance of Golgi apparatus 
around the nucleus, the 
mitochondria producing the 
necessary energy and the 
transport of vesicles containing 
lysosomal enzymes (Figure 2). 
The zone of attachment between 
the cell and bone is a circle of 
proteins on the surface of the 
cell. 
  
 Osteoclasts derive from 
hematopoietic cells. Precursors 
fuse on bone surface to form 
multi-nucleuses osteoclasts. The 
osteoclasts functions are 
regulated by local cytokines and 
systemic hormones. 
 
 The osteoclasts attachment to the surface of bone tissue is essential for bone resorption. 
This process is realized by integrins receptors (Davies J 1989). The attachment is generally 
realized by podosomes. They are more dynamic structure than focal adhesion points that we 
find in high motility cells. It is the creation and destruction of podosomes that give osteoclasts 
their movement on the bone tissue surface.  
Osteoblasts 
 Osteoblasts constitute bone cells that are responsible of the production of the osseous 
matrix. Osteoblasts don’t work as individual cells; they form groups of one hundred to four 
hundred cells on the bone surface. Morphologically, ostoblasts are recognized by a spherical 
nucleus in the base of the cell and relatively far from the bone surface. Matures osteoblasts are 
always located on the bone layer during matrix production. Generally, behind matures 
osteoblasts, we can find one or two layers of mesenchymal cells and immature osteoblasts. 
 
 On a structural level, ostoblasts are characterized by the presence of a highly developed 
endoplasmic reticulum and a big complex of Golgi apparatus. These elements are directly 
implied by the principal activity of osteoblasts: the production of collagenic and non-
collagenic proteins of the bone matrix. Collagen type I constitutes 20% of the total proteins 
produced, it is the principal protein produced by these cells. The principal non-collagenic 
protein is osteocalcin. Osteoblasts synthesize a high number of growth factors, this include: 
IGF, PDGF, bFGF, BMP, cytokins and TGF-β. 
 
 Osteoblasts do not operate in an 
isolated manner, more often, we can 
find some communications liaisons 
“gap junctions” for exchange 
between cells. These gap junctions 
are mainly presented between 
osteoblasts that work together on the 
bone surface. Also, mature 
osteoblasts communicate with each 
Figure 2: Osteoclastic resorption mechanism. Osteoclast forms an attachment 
zone thanks to integrins related to RGD peptides of the ECM, this form a 
compartment between the cell and bone. This compartment is acidified to an 
optimal pH (Guérin G 2009). 
Figure 3: Osteoblastic cellular lineage issued from mesenchymal stem cells 
(Guérin G 2009) 
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other by osteocytes networks presented in the bone matrix. In conclusion, the principal 
function of osteoblasts is the formation of bone, which happens in three stages: the 
production, the maturation and the mineralization of the osteoid matrix (Sims N 2000). 
 
 The precursors of osteoblasts are mesenchymal stem cells (Figure 3). These precursors, and 
after some certain simulations, proliferate or differentiate toward immature osteoblasts or 
preosteoblasts. Immature osteoblasts are situated in layers behind matures osteoblasts on the 
bone surface. They are elliptic cells, with a long nucleus, and capable to proliferate. Unlike 
mature osteoblasts, immature osteoblasts do not possess an endoplasmic reticulum and a 
developed Golgi apparatus, thus, they don’t have the capacity to synthesize proteins.  
 
 The development of the osteoblastic cellular lineage is a special procedure. In the first stage 
of the development, osteoblasts proliferate in an important way. Then, when osteoblasts begin 
to fabricate osteoid matrix, they synthesize collagen I, fibronectins and growth factors. When 
the cell reaches its maturity, it will continue to produce collagen I and begin to synthesize 
other matrix proteins. Toward the end of the matrix secretion phase, around 15% of matures 
osteoblasts are encapsulated in the new matrix and will differentiate into osteocytes. Other 
cells stay on the bone surface and differentiate to lining cells. During the periprosthetic 
healing, we can find all the phenotypes of the osteoblastic cellular lineage; particularly the 
immature and the mature osteoblasts. 
 
 Even with the low metabolic activity of osteocytes, these cells are capable to produce 
proteins. During the formation of the bonus matrix, and before calcification, the osteocytes 
form networks between them by creating canaliculi. These networks permit the passage of the 
extracellular fluid which is their only source of nutriments. The exact function of osteocytes is 
still obscure. But due to some gaps in the canaliculi, it is possible that these cells could react 
to some message brought by the extracellular fluid (Lanyon LE 1993). Osteocytes generally 
finish phagocyted and digested with other compounds during bone resorption by osteoclasts 
(Elmardi AS 1990). 
 
 Cellular adhesion is implied in 
numerous biological phenomena like 
embryogenesis, maintenance of 
tissue structure, immune response, 
bone healing and integration of 
biomaterials.  
 
 The surface characteristics of the 
materials like their topology, 
chemical composition and their 
surface energy play a major role in 
the adhesion process of osteoblasts to 
their substrates (Anselme K 2000). 
Adhesion is in fact the first step for 
cells to proliferate or differentiate on 
the bone surface or on the implant. It 
is essential for the efficiency of an 
orthopedic implant to establish a 
solid mechanical interface when it is 
fused with bone.  
Figure 4: Cellular proteins implied in the adhesion of osteoblasts on the 
substrat (Guérin G 2009) 
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 The cellular adhesion notion covers many phenomena. The attachment phase intervenes 
rapidly and implies some court term reactions like physicochemical liaisons between the cell 
and the material due to ionic forces and “Van der Walls” forces. The adhesion phase then 
works on a long term period and implies some numerous biological molecules: proteins 
presented in the extracellular matrix, membrane proteins and proteins of the cytoskeleton. 
 
 For the process of adhesion, osteoblasts synthesize proteins like: collagen type I, 
osteocalcine, proteoglycans and growth factors (Figure 4). Some of these proteins have 
chimiotactic properties due to the presence of the Arg-Gly-Asp (RGD) sequence specific to 
the fixation of membrane proteins like the integrins (Grzesik WJ 1997). 
 
 Cytoskeleton proteins are directly implied in the signal transduction. The adhesion sites 
situated between cells and the surface of the substrate are named focal adhesion points. These 
adhesion points are closed junction where the distance between the cell and the surface varies 
between 10 to 15nm. The external faces of the points present specific receptors called 
integrins. On the inner surface, proteins like talin, paxilin, vinculin and tensin permit the 
mediation of interactions between actin filaments and integrins. These cytoskeleton proteins 
transduce the signal. The actin cytoskeleton architecture is essential envolved in the 
maintenance of the structural form of the cell and her adhesion. 
 
 Cellular migration needs dynamic interaction between cells, her cytoskeleton and the 
substrate. First, osteoblast develops an expansion on her extremities to form lamellipodes. 
Second, the cell uses her interactions adhesion to generate the traction energy needed for her 
displacement. The last stage is the migration and the adhesion loss in the back of the cell, 
followed by her detachment and retraction to lamellipodes. Integrins are highly implied in the 
process of migration (Wu C 1995). Also, we can find certain anti-adhesive molecules from 
the extracellular matrix like tenascin, thrombospondin or proteoglycans, can play an important 
role in cell migration (Chiquet-Ehrismann R 1995).  
1.2.3 Growth factors and bone tissue 
 The modulation factors of cellular phenotypes are a key point of any biological process. 
They condition the intercellular communication and the immediate environment response. 
Bone tissue is an important source of these regulation factors. They are present to coordinate 
the events between the formation and the resorption of bone in the healing or modeling phase. 
Growth factors play an endogenic and an exogenic role and they are synthesized by the 
osteoblastic cells lineage. 
 
 The principles growth factors identified in the bone matrix are Fibroblast Growth Factors 
(FGF), the Insulin-like Growth Factors (IGF-I and II), Transforming Growth Factors (TGF) 
and a proteins family called Bone Morphogenetic Proteins (BMP), which in vivo, have 
osteoinductives properties. 
 
 Bone development is regulated with a high variety of hormones and growth factors, in 
which, we can find that Transforming Growth Factor-β (TGF-β) is particularly present. The 
TGF-β is the best characterized and receive a special attention to the reason of his major role 
in the maintenance and development of bone tissue, which affect the metabolism of the bone 
cartilage. Knowing that this factor plays a major role in many physiological activities: 
embryogenesis, angiogenesis, inflammation and healing. Its mitogenic action on osteoblasts 
(Robey PG 1987) coupled to its capacity to stimulate the ECM define his major role in the 
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physiological regulation of the bone tissue formation. In the super family of TGF-β, three 
principles factors could be mentioned: the TGF-β1, 2 and 3 (Derynck R 1998). The activation 
of TGF-β leads to interactions between many surface receptors. The TGF-β and his surface 
receptors are particularly implied in the formation of inter-membranal bone tissue, and in 
endochondral healing (Alliston TN 2000). 
 
 In addition to its role in chondrocytes differentiation and cartilage formation, TGF-β 
equally regulates osteoblastics functions. Although, TGF-β1 and TGF-β2 are secreted by 
osteoblasts to the bone matrix, TGF-β1 has the capacity to regulate osteoblasts functions. An 
important number of studies show that the effects of TGF-β are highly dependent on the stage 
of cells differentiation, but we don’t know a lot on the expression regulation of TGF-β in vivo. 
  
 The presence of TGF-β1 in the bone matrix suggests a certain expression level by 
osteoblasts, although osteoclasts could contribute to this deposition. Also, the type of surface 
used could play a major role on the regulation of TGF-β1 in cellular cultures (Streuli CH 
1993). TGF-β1 reacts as a chemo attractant to osteoblasts, and permits to directly recruit cells 
on the activation sites (Pfeilschifter J 1990). In a general way, in vitro studies on TGF-β 
suggest that this factor increase the osteoprogenitor quantity. Despite this, certain 
contradictory results from the literature could explain that TGF-β stimulates the first stages of 
osteoblasts proliferation and differentiation, increases the formation of bone matrix, and 
inhibits the advanced stages of differentiation.   
 
 In periprosthetic healing, we observe a local endogen role of TGF-β1 on the traumatism site 
with a significant augmentation of his expression and activity. The platelets synthesis of TGF-
β provides a supplementary source (Bolander ME 1992). Inflammation has a preponderant 
role in periprosthetic healing because it allows the utilization of the endogen and exogen role 
of TGF-β1 (Roberts AB 2000). Thus, we observe for example a low stiffness bone when the 
inflammatory process has some perturbations.  
1.3 Periprosthetic healing 
Bone tissue formation decomposes into three 
stages: production, maturation and mineralization 
(Sims N 2000). In mature adult bone, these stages 
take place at the same time in order to keep the 
equilibrium between production and mineralization 
of the bone matrix. In a first step, osteoblasts secrete 
collagen fibers without mineralization in order to 
form a fin layer of osteoid tissue. This stage is 
followed by an augmentation on the mineralization 
velocity in order to keep up with the collagen 
fabrication. In a last step, the velocity of synthesis of 
collagen decreases but the mineralization continues 
for the osteoid tissue to be fully mineralized (Luo G 
1997). 
 
In order to initiate mineralization, there should be a sufficient initial concentration of Ca
2+
 
and PO4
3-
 ions to induce the precipitations of calcium phosphate, leading to the formation of 
hydroxyapatite crystals. This is realized by the matrix membranous vesicles (Anderson 1980). 
Figure 5: Tissue repair phases and timescale 
(http://www.electrotherapy.org/modalities/tissuerepair.
htm) 
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The hydroxyapatite crystals present in the matrix environment, increase in groups, and then 
fuse to calcify the matrix. A mineralization wave then propagates in the new formed osteoid.   
 
 Bone healing process is done normally by three stages (Figure 5). The first stage is the 
inflammation, which is an immunatury defense process due to an aggression. A hematoma is 
formed on the lesion site of the bone tissue from the first hours until three weeks after the 
traumatism. Leucocytes, fibroblasts and osteoblasts infiltrate the site under the influence of 
different elements like prostaglandins. This leads to the constitution of granulation tissue, the 
development of a vascularised tissue and the migration of mesenchymal cells.  
 
 The local vasodilatation increases the blood circulation to help the evacuation of dead cells 
and toxins from one part, and on another part to bring and activate the necessary element for 
healing: growth factors, nutriments and oxygen. This phase permits to clean the traumatized 
area.  
 
 The second stage is reparation. During the first two days after the traumatized, osteoblasts 
proliferate from the periosteum and colonize in the traumatized area. After two days, the 
hematoma is colonized and osteoblasts begin bone formation. About three weeks later and 
until three months, a bone callus is formed from the osteoide substance. 
 
 After three weeks of the traumatized, bone remodeling stage begins and it is the last stage 
of bone healing. On this level, we can find the transformation of immature bone into lamellar 
bone. It is shown that the duration and the intensity of the phenomena applied to this phase 
could vary by the variation of mechanical constraints applied on the tissue. Bone tissue needs 
a certain amplitude and frequency of mechanical solicitations to heal. But there is an open 
problem on the threshold of these solicitations. 
 
 Periprosthetic healing is related to the 
intramembranous healing (Figure 6). We do not observe 
a cartilaginous phase in this type and the formation of 
connective fibrous tissue is generally followed by the 
formation of osteoid tissue (Sims N 2000). Groups of 
mesenchymal cells presented in a highly vascularised 
region would differentiate into osteoblasts. These cells 
begin to synthesize the osteoid matrix where 
meshenchymal cells continue to differentiate into 
osteoblasts. Blood vessels are then incorporated between 
the trabelcular bones lamellas including the bone 
hematopoietic marrow. In a last stage, bone tissue is 
progressively replaced with mature bone.  
 
Periprosthetic healing is highly sensible on different conditions to certain conditions like 
the mechanical stability of the implant (Søballe K 1992), the presence and the dimension of 
the gap between the bone and the implant (Bobyn JD 1980). The access of the extracellular 
fluid to the surface of the implant, the site of implementation and the density of the bone 
surrounded the implant. The micro-movements of the interface bone-implant seem that it 
would favorites the apparition of fibrous tissue and the healing around the implant is highly 
influenced by growth factors (Overgaard S 2000).  
 
 
Figure 6: Periprosthetic healing (Overgaard 
S 2000) 
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1.4 Some mechanisms underlying angiogenesis 
 Angiogenesis is the physiological process involving the growth of new blood vessels from 
pre-existing vessels (Penn 2008). Angiogenesis is a normal and vital process in growth and 
development, as well as in wound healing and in granulation tissue. We can find 
physiological angiogenesis in the menstrual cycle and during pregnancy. However, it is also a 
fundamental step in certain pathological conditions like inflammation, healing, tumor growth 
and the diabetic retinopathy (Folkman J 1992). However, the well-ordered sequence of events 
characterizing angiogenesis is the same, beginning with the rearrangement and migration of 
endothelial cells from a preexisting vasculature and culminating in the formation of an 
extensive network, or bed, of new capillaries. Also, it is responsible of the transition of 
tumors from a dormant state to a malignant one. The identification of an angiogenic diffusible 
factor derived from tumors was made initially by Greenblatt and Shubik in 1968 (Greenbalt 
M 1968). 
1.4.1 The endothelial cells  
 Endothelial cells form the inner lining of a blood vessel and provide an anticoagulant 
barrier between the vessel wall and blood (Bauer E. Sumpio 2002). Endothelial cell structure 
and functional integrity is semi-permeable and controls the transfer of small and large 
molecules. However, endothelial cells are dynamic and are capable of conducting a variety of 
metabolic and synthetic functions. These cells exert significant paracrine and endocrine 
actions through their influence on the underlying smooth muscle cells or on circulating blood 
elements, such as platelets and white blood cells. 
 
 Under basal conditions endothelial cells are intimately involved in maintaining the 
nonthrombogenic blood–tissue interface by regulating thrombosis, thrombolysis, platelet 
adherence, vascular tone and blood flow. They produce and release a variety of vasoactive 
substances, such as prostacyclin and nitric oxide, both of which inhibit platelet aggregation 
and cause vasodilatation. These mediators are released in response to a range of chemical 
stimuli, such as thrombin, bradykinin, or ADP, as well as changes in hemodynamic forces, 
such as alterations in blood pressure or flow (Sumpio B.E. 1993).  
 
 Endothelial cells play key roles in immune and inflammatory reactions by regulating 
lymphocyte and leukocyte movement into tissues. Inflammation results in hemodynamic 
changes at the site of injury. Vessels dilate, blood flow increases, and mediators that act on 
the endothelium are released resulting in endothelial cell contraction and leakage of serum 
and interstitial fluid into the injury site.  
 
 Endothelial cells also play major roles in angiogenesis and vasculogenesis (Griedling K.K. 
1998). Vasculogenesis occurs exclusively in the embryo when angioblasts differentiation into 
blood islands and then fuse to form a primitive capillary network.  
1.4.2 Main categories of angiogenic process 
 Four main categories of angiogenic process can be distinguished. 
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 The sprouting angiogenesis which is 
the first form of angiogenesis and is 
characterized by a cascade of well-known 
steps. First, angiogenic growth factors 
activate activate receptors of endothelial 
cells in pre-existing blood vessels. 
Second, endothelial cells secrete enzymes 
(proteases) that degrade the basement 
membrane of the parent vessels wall. The 
endothelial cells migrate and proliferate 
into the surrounding matrix they form 
sprouts to connect neighboring vessels. 
Using adhesion molecules like integrins, 
endothelial cells migrate toward the 
source of the angiogenic stimulus. These 
sprouts then form loops to become a full-
fledged vessel lumen as cells migrate to the site of angiogenesis. The sprouting rate is of 
several millimeters per day. The difference between sprouting angiogenesis and splitting 
angiogenesis is that sprouting angiogenesis forms new vessels while splitting angiogenesis 
split preexisting vessels (Burri PH 2004). 
 
 The intussusception angiogenesis also known as splitting angiogenesis consists of the 
split of single vessel in two. Four steps are identified. First, two opposing capillary walls 
establish a zone of contact. Second, the reorganization of endothelial cell junctions and the 
vessel bilayer is perforated to allow penetration of growth factors and cells into the lumen to 
be achieved. Then, the formation of a core between the two new vessels at the zone of contact 
is filled with pericytes and myofibroblasts. These cells induce a secretion of collagen fibers 
into the core to support the extracellular matrix formation.The core is fleshed out with no 
alterations to the basic structure. Intussusception is important because it allows the 
reorganization of existing cells. This process is observed in embryonic development where 
there are not enough resources to create a rich microvasculature. 
 
 The vasculogenesis is the formation of new blood vessels from endothelial stem cells 
(angioblasts). Generally, this form is related to the embryonal development of the vascular 
system. 
 
 The arteriogenesis is the formation of medium-sized blood vessels possessing tunica 
media plus adventitia.  
 
 Angiogenesis may be a target for combating diseases characterized by either poor 
vascularization or abnormal vasculature. Application of specific compounds that may inhibit 
or induce the creation of new blood vessels in the body may help combat such diseases. The 
presence of blood vessels where there should be none may affect the mechanical properties of 
a tissue, increasing the likelihood of failure. The absence of blood vessels in a repairing or 
otherwise metabolically active tissue may inhibit repair or other essential functions. Several 
diseases, such as ischemic chronic wounds, are the result of failure or insufficient blood 
vessel formation and may be treated by a local expansion of blood vessels, thus bringing new 
nutrients to the site, facilitating repair. Other diseases, such as age-related macular 
degeneration, may be created by a local expansion of blood vessels, interfering with normal 
physiological processes. 
Figure 7: Sprouting angiogenesis and its stage of migration 
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 The intimate connection, both physical and biochemical, between blood vessels and bone 
cells has long been recognized. Genetic, biochemical, and pharmacological studies have 
identified and characterized factors involved in the conversation between endothelial cells and 
osteoblasts during both bone formation and repair. Most osteogenic factors stimulate 
angiogenesis, if not directly, then indirectly, through production of angiogenic factors 
(Richard A.D. Carano 2003). Thus, angiogenesis plays a pivotal role in bone healing 
(Kanczler J.M. 2008). There have not a lot of studies on the role of angiogenesis in the 
periprosthetic healing. From here, it came the importance of this thesis showing the effect of 
endothelial cells migration in the periprosthetic healing.  
1.4.3 Transforming Angiogenic Factors and their effect on endothelial cells  
 Secreted during the acute inflammatory response to the surrounding tissue, Transforming 
angiogenic factors (TAF) diffuse and create a chemical gradient between the inflammatory 
cells and the existing vasculature. They induce endothelial cells lining neighboring blood 
vessels. These cells degrade the basement membranes, and migrate through the disrupted 
membrane towards the source of secretion (Anderson A. R. A. 1998). Several angiogenic 
factors and their receptors have been discovered, such as vascular endothelial growth factor 
(VEGF), acidic and basic fibroblast growth factor (aFGF, bFGF) and angiogenin (Folkman J. 
and M. Klagsbrun 1987, Relf 1997, Millauer 1993, Hatva 1995, Mandriota 1995, Fong 1995, 
Ortega N. 1995, Hewett 1996, Patterson 1996, Duh 1997, Hanahan 1997). No experimental 
evidence showed that disrupting TAF receptors in endothelial cells has a direct on the 
structure of the capillary network (Dumont D. J. 1994, Fong 1995, Sato T. N. 1995, Hanahan 
1997). 
 
 In case of tumors, the initial chemotactic response to angiogenic factors is the migration of 
endothelial cells towards the tumor (Sholley M. M. 1984, Terranova V. P. 1985, Paweletz N. 
1989, Stokes C. L. 1990). Then, small, finger-like capillary sprouts are formed by 
accumulation of endothelial cells recruited from the parent vessel. Then, they migrate toward 
the inflammatory cells by recruiting more endothelial cells and they are directed by the 
motion of the leading cell at the sprout tip (Cliff W. J.. 1963, Schoefl G. I. 1963, Warren B. 
A. 1966, Ausprunk D. H. 1977, Sholley M. M. 1984). The proliferation of endothelial cells 
from the sprout wall leads to sprout extensions. The cell division is largely confined to a 
region just behind the cluster of mitotically inactive endothelial cells that constitute the sprout 
tip. A formation of solid strands of endothelial cells through the extracellular matrix is due to 
the sprout tip migration and proliferation. The cells continue their trajectory through the 
extracellular matrix consisted of interstitial tissue, collagen fibers and fibronectin as well as 
other components (C. N. Liotta L. A. 1983, Paweletz N. 1989). 
1.4.4 Fibronectins factors and their effects on angiogenesis 
 The haptotactic response due to adhesion sites and porosity gradients is a consequence of 
cell interactions between endothelial cells and the extracellular matrix. This response is very 
important and directly affects cells migration. In particular, the specific interactions between 
the endothelial cells and fibronectins, a major component of the extracellular matrix, have 
been shown to enhance cells adhesion to the matrix.   
 
 Fibronectin is a matrix macromolecule which occurs in two distinctly different forms. The 
first form is a soluble glycoprotein found in various body fluids (including blood), known as 
plasma fibronectin. And the second form is an insoluble constituent of the extracellular matrix 
and basement membranes of cells, known as cellular fibronectin (Hynes R. O. 1990). 
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 Endothelial cells synthesize and secrete cellular fibronectins. It is shown that the secretion 
expressed in-vitro closely reflects the distribution observed in in-vivo matrices (D. G. 
Birdwell C. R. 1978, Jaffee E. A. 1978, Macarak E. J. 1978, Rieder H. 1987, Sawada H. 1987, 
Vlodavsky I. 1979, Hynes R. O. 1990). The fibronectins are present as soluble glycoproteins 
in various body fluids (plasma fibronectins) and as an insoluble component of the 
extracellular matrix and basement membrane of cells (Birdwell C. R. 1980, Hynes 1990). Its 
central function is the adhesion of cells to the matrix (Schor S. L. 1981, Alessandri G. 1986). 
Fibronectins attach endothelial cells to the matrix via integrins and a family of cell-surface 
receptors (Johansson S. 1987, Hynes 1990, Alberts B. 1994). 
 
 It has been verified experimentally that fibronectin stimulates directional migration of a 
number of cell types (including endothelial cells) in Boyden-chamber assays (Greenberg J. H. 
1981, Goodman S. L. 1985, Albini A. 1987, Woodley D. T. 1988). These results have 
demonstrated that fibronectin promotes cell migration up a concentration gradient and the 
results of (Lacovara J. 1984, McCarthy J. B. 1984) have further demonstrated that this is a 
response of the cells to a gradient of adhesiveness of bound fibronectin, termed haptotaxis 
(Carter S. B. 1967). Therefore, in addition to the chemotactic response of the endothelial cells 
to the TAF, there is a complementary haptotactic response to the fibronectin present within the 
extracellular matrix (Bowersox J. 1982). 
1.5 Signal transduction in bone tissue 
1.5.1 Implant healing 
 Interactions between osteoblasts and the surface of the implant are defined by the material 
topography, its chemical composition and the energy on the surface. These properties 
condition in a part the adsorption of biological molecules on the surface and in another part 
the local cellular comportment (Boyan BD 1996). 
 
 The preparation techniques of the surface of a material have a lot of influence on the 
adhesion process. For example, the sterilization process has been a lot studied on the titanium 
for cpTi, because it can modify the chemical composition of the surface of the implant 
(Vezeau PJ 1996). Certain clinical preparation can modify totally the chemical composition of 
the implant’s surface. The oxide of surface formed on the titanium implants is principally 
TiO2, and seems to play a favorable role on the tolerance of titanium by the organism (Ask M 
1989). It has been shown that the roughness of the surface topology plays a major role on the 
cellular behavior (Chesmel KD 1995). The hydrophilic and hydrophobic characteristics of the 
material play also a major role in cellular adhesion, this adhesion is generally improved on 
hydrophobic surfaces. 
 
 On every stage of cellular adhesion, the material is conditioned by the fluid composition on 
its contact (Boyan BD 1996). The pH, the ionic composition, the temperature, and groups of 
functional proteins are deterministic factors in the absorption of proteins. The surface energy 
could influence the adsorption and the arrangement of proteins on the substrate. The proteins 
adsorption is different for polymers substrates charged positively or negatively (Shelton RM 
1988). A direct relationship seems to exist between the roughness and the surface energy of 
the material. Osteoblasts adhesion should equally be influenced by the expression of 
numerous proteins adhesion. The physico-chemical properties of cells, substrates and cellular 
environments, could also affect the distribution and the number of focal adhesion points.  
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 Mechanical loads are observed and in certain cases predictable in bone remodeling. For 
this, periprosthetic healing is considered a large scientific problem. In vitro, it has been shown 
that osteoblastic cells seem to modify their comportment during mechanical stimulus. This 
includes their proliferation, the expression of their phenotypes, the adhesion and the 
production of certain factors (Duncan RL 1995). The fluid flux in bone porous medium is 
highly affected by mechanical changes in the environment. It appears that gaps and canaliculi 
are the principal’s porous medium that is associated to the flux provoked by changes of 
mechanical properties. Osteocytes could respond to low shear stress applied on their 
membranes (Weinbaum S 1994). 
  
 The principal system of mechanical stimulations detection in the cell is the liaisons 
integrins-substrate of the cytoskeleton due to kinase system. Osteoblasts response to 
mechanical deformations is done few milliseconds after the stimulus; rapidly imply the 
ionic’s canals. After few minutes, we have signaling by kinases, and then the transduction of 
these signals begins. This phenomenon explains the relatively rapid response of cells after 
modifications of their environment (Cowin SC 1991). 
 
 The expression of proteins specifics to osteoblasts is modified by mechanical deformation; 
Osteopontin synthesis is generally increased (Miyajima K 1990), osteocalcine production is 
influenced with a variable manner (Stanford CM 1995), also collagen expression. The 
Cytoskeleton structure is modified by mechanical stimulations. Actin expression varies, and 
the organization and size of filaments vary (Roelofsen J 1995). Microtubules also seem to 
play a role in the transduction of mechanical forces. The expression of sub-units α and β of 
integrins are equally modified.  
 
 A significant number of in vitro dispositives are developed to study the effect of 
mechanical loads on osteoblastic cells. These techniques try to reproduce the in vivo limits 
conditions. It is possible to distinguish three principal solicitations between the experimental 
models: solicitations of cellular medium provoked by fluid flux, hydrostatic compression of 
cellular culture, and stretching the substrate culture (Basso N 2002). 
 
 The hypothesis of the preponderant role of shear stress effect on the adaption of the bone 
structure has been the solid nucleus to develop experimental dispositive on shear caused by a 
changed flux. To these days, two types of machine are the most used to create such 
experiments: the cone-plate viscometer and flow-loop machines. The cone-plate viscometer 
generates a continuous laminar flux by agitating the cellular medium (Brown TD 2000). 
Flow-loop dispositive functions with a pomp to produce a homogeneous continuous flux in a 
cell culture medium (Koslow AR 1986). Flow-loop systems are most used to study the 
synthesis of cytokines growth factors, also the quick responses of cytoskeleton.  
 
 Hydrostatic compression devices are developed on the hypothesis that cytoskeleton 
elements and creation of adhesion focal points are essential to the transduction of mechanical 
perturbation signal. This type of device permits to generate compression solicitations in a 
permanent or transitory way on the cellular culture (Klein-Nulend J 1986). 
 
 Stretching devices of the substrate on cellular culture permit to study the cellular 
comportment due to mechanical perturbations of the environment. Many mechanical 
solicitations have been simulated experimentally. The uniaxial deformations of the substrate 
are reproducible in a relatively homogeneous medium (Murray DW 1990, Owan I 1997, S. I. 
Neidlinger-Wilke C 1995). Bi-axially stretching have been the object of some specific devices 
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(Flexercell’s device®) (Vandenburgh HH 1988). Some very performing device presents the 
inconveniences to generate non-homogeneous deformations fields in a culture medium. 
Precautions are necessary in the quantitative exploitation of the results (Brighton CT 1991).  
 
 Certain devices could be used to study the comportment of osteoblasts in the periprosthetic 
healing. This is the case of stretching device. In fact, during periprosthetic healing, cells are 
not particularly affected by fluid flux like osteocytes enclosed in canaliculi networks, but 
undergo some principal deformations in their highly elastic substrate, which they are a lot 
more sensible to constraints than mature bones. In certain cases, it has been observed some 
proportionality in the cell response and the amplitude of solicitations (Williams JL 1994). In 
other cases, it was suggested that osteoblasts respond from a certain threshold to solicitations. 
It was equally shown that osteoblasts present a habit to solicitations and their responses could 
be modified by the history of mechanical solicitations (Stanford CM 1995). 
 
 The disparity of in vitro experimental observations shows the phenomenal sensibility to 
solicitations types and the associated device: continuous or intermittent deformations, 
compression, flux or substrate stretching. Substrates stretching devices seem the most capable 
to reproduce the in vivo limit conditions of the periprosthetic healing. In this case, we 
observed that cellular proliferation was favorable for substrate deformations lower than 1% of 
an imposed 1Hz frequency (Bhatt KA 2007, Neidlinger-Wilke C 1994, Ignatius A 2005). 
Correlations were established between the augmentation of deformations level and the 
augmentation of osteoids synthesis (Neidlinger-Wilke C 1995, Zhuang H 1996, Cillo JE 
2000) and TGF-β1 (Ignatius A 2005, Simmons CA 2004, Mikuni-Takagaki Y 1996). We 
should note that the majority of studies showed that high amplitudes and frequencies of 
solicitations are adverse to cellular proliferation (Simmons CA 2004, Brighton CT 1992).  
1.5.2 Signal transduction and angiogenesis 
 The normal functioning of an organ or biological tissue depends on the capacity of oxygen 
delivered to it. Thus, it is important to understand the angiogenesis mechanism. Several 
mechanisms could affect angiogenesis.  
 
 The migration of endothelial cells from pre-existing vessels toward a certain tissue does not 
occur without a chemical stimulation. There are two main chemicals stimulations that affect 
the endothelial cells migration during angiogenesis. The chemotactic effect; Transforming 
Angiogenic Factors (TAF) are secreted during the acute inflammatory response. They diffuse and 
form gradients of growth factors, which initiate chemotactic active migrations of endothelial cells 
(Terranova V. P. 1985, Folkman J. and M. Klagsbrun 1987, Relf 1997). And, the haptotactic 
response due to adhesion sites and porosity gradients is a consequence of cell interactions with 
the extracellular matrix. In particular, Fibronectin Factors (FF) which are a major component of 
the matrix are particularly implied in this process (Bowersox J. 1982).  
 
 Mechanical stimulation of angiogenesis is not well characterized. There is a significant 
amount in controversy with regard to shear stress acting on capillaries to cause angiogenesis, 
although current knowledge suggests that increased muscle contractions may increase 
angiogenesis (Prior BM 2004). This may be due to an increase in the production of nitric 
oxide during exercise. Nitric oxide results in vasodilatation of blood vessels. 
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1.6 Mathematical modeling 
1.6.1 Bone healing 
 One of the first ossification concepts appeared with the laws of Wolf concerning bone 
remodeling. In this model, bone’s spans are oriented in the same principal direction than bone 
constraints. Numerical modeling could provide a major contribution allowing the study of 
specific phenomena in a quantitative manner, and modeling in a continuous porous medium 
seems particularly adapted to bone structure (Cowin SC 1999). 
 
 In a first step, numerous models studied bone remodeling in fractures healing. It has been 
proposed a loop of actions and reactions to model the adaptation phenomena to mechanical 
constraints (Huiskes R 2000). These studies, on macroscopic level, seem capable of modeling 
bone remodeling without having to model the numerous phenomena on microscopic level. 
Other studies were interested on periprosthetic healing, by studying for example the influence 
of constraints and movements directly to the bone-implant interface healing (Ramamurti BS 
1997, Prendergast P. 1997, Viceconti M 2000, Mesfar W 2003, Simon U 2003). However, a 
macroscopic mechanical study could not explain the physico-biological process. 
 
  There have been some numerous studies describing the biological process of bone healing 
(Bailón-Plaza A 2001). In fact, healing would intervene on some important numerous 
parameters revealing the preponderant role of biological aspects. Cellular differentiation is the 
first biological processes that have been studied (Lacroix D 2000). Studies realized search to 
determine the favorable conditions for the cellular differentiation and try to find the phases of 
tissues healing observed in vivo. Certain differentiation schemes based on animal 
experimental studies have been proposed (Pauwels F. 1941). These diverse studies propose 
different empiric relations that seem to favorite the different types of cellular differentiation 
during fractures. Such studies didn’t take into consideration the effect of biological 
parameters and cellular differentiation is regulated with purely mechanical parameters like the 
velocity of the interstitial fluid, the deformation and the local constraints in tissues. The 
temporal aspect of the phenomena, which is essential to describe the transitory effect on 
healing, is not taken into consideration. This type of modeling permits studying the 
endochendral healing but not the intramembranous healing. 
 
 Recently, more complete models were developed, integrating the biochemical parameters, 
like growth factors and the cellular migration flux. Baïlon Plaza and van der Meulen, based on 
biological studies, proposed a differentiation scheme based on the effect of growth factors 
(Bailón-Plaza A 2001, Bailón-Plaza A 2003). These models are based on the transitory 
diffusion of the cellular phases, in which the differentiation is modified by growth factors. In 
this approach, the mechanical effect doesn’t exist or it is very simplified. The model proposed 
by Geris et al. is very similar and applied to the periprosthetic healing (Geris L 2008, 2010). 
However, the envisaged bone formation is endochondral and not intramembranous.  
 
 Certain studies are recently taking into considerations the different mechanical 
deformations on cellular response that conducts in healing modifications. The model proposed 
by Mc Namara take into consideration bone remodeling by osteocytes by using the laws of 
mechanical comportment, in which, they directly influence ossification (McNamara LM 
2007). Isaksson’s model, take into consideration fracture healing by modeling a 1Hz 
solicitation tissue to study the cellular differentiation due to deformations (Isaksson H 2008). 
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 The precedent models of periprosthetic healing integrate the biological aspects of growth 
factors in a limited way and generally treat the periprosthetic bone formation as fractures, 
without taking into consideration the presence of the implant and its surface. Certain models 
take into consideration the implant, but once again, in a mechanical point of view (Fernandes 
PR 2002). More recently, Puthumanapully focalized on local healing on the porous particles 
in periprosthetic healing (Puthumanapully P 2008). The osteoblasts’s comportment 
modifications related to an environment perturbation is equally taken into consideration in a 
limited way and without considering the intramembranous bone formation in periprosthetic 
healing. 
1.6.2 Angiogenesis modeling 
 In recent years, several mathematical models have used a continuous, deterministic 
framework in one space dimension to describe some of the more important features of tumor-
induced angiogenesis (Liotta L. A. 1983, 1977, Zawicki D. F. 1981, Balding D. 1985, Byrne 
H. M. 1995, Orme M. E. 1996).  
 
 Some features of angiogenesis such as average sprout density and network expansion were 
also described using mathematical modeling. However, these models were of limited 
predictive value and were unable to provide more detailed information concerning the 
morphology of the capillary network. More realistic continuum models of angiogenesis in two 
space dimensions have been proposed showing a more detailed qualitative comparison with 
in-vivo observations of the spatio-temporal distribution of capillary sprouts within the network 
(Chaplain M. A. J. 1995). However, some important features like repeated sprout branching 
and overall dendrite structures of the network were not captured using mathematical 
modeling. It could be noticed that more general two-dimensional continuum branching 
models have been proposed in the last decades (Meinhardt H. 1976, Meinhardt H. 1982) and 
(Edelstein-Keshet L. 1989). 
 
 A mathematical model of fracture healing including angiogenesis and endochondral healing 
have been developed (Liesbet Geris 2008). Other relevant approaches concerned embryo and 
midbrain morphogenesis (Al-Kilani A 2008) and tissue differentiation (Checa S. 2009, V. K. 
Geris L 2008). 
 
1.7 Conclusion 
 Osteo-articular pathologies are one of the main causes of handicap in occidental societies 
and they represent a major problem in public health. Hip, knee and shoulder arthroplasties are 
increasing and despite good clinical results in primary surgery, revisions operations are 
constantly augmenting. The long-term survival of the bone-implant interface is strongly 
dependent upon the initial conditions of the problem. Also, the quality of post-operative 
healing of periprosthetic tissue is dependent on the bone properties, the neo-vascularization, 
physico-chemical properties of the implant surface and the surgical technique. 
 
 The periprosthetic healing is an intramembranous process which outcome is primarily 
dependent upon the surgical technique. Clinically, it is observed that the neo-vascularization 
of the site plays a key-role in bone tissue formation and this evolving process is the 
consequence of complex mechanobiological events. It is observed that the first days of 
healing are of prime importance for the survival of the implant fixation. 
 
Chapter I – Bibliographic study 
34 
 
 An important number of biological parameters interfere into the bone tissue healing 
amongst with osteoblasts, endothelial cells and companion growth factors can be 
distinguished. A better understanding of migrations of cellular population, of proliferation and 
osseous matrix synthesis in interactions with biochemical boundary conditions and/or 
mechanical stimuli is of particular interest to improve the implant fixation. In this context, 
mathematical and numerical models might supply the investigation of events inaccessible in-
vivo.  
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2.1 Introduction 
 
 The methodology of reactive 
transports in deformable porous media 
has been associated to computational cell 
biology (cellular migration and 
proliferation in presence of anabolic 
growth factors). The population of 
osteoblasts and endothelial cells, the 
phases of bone growth factors, 
angiogenic factors and fibronectin have 
been taken into account to propose a set 
of governing equations describing the 
process of intramembranous healing. 
 
 This work previously developed in our 
research group (Ambard D 2005, Guérin  
2009) has been completed by the 
governing equations of endothelial cells 
population and companion growth 
factors, and the modeling of interactions 
with the osteoblasts population. 
Interactions are shown in Figure 8. 
 
First, the governing equations of 
poroelasticity are presented. Second the 
governing equations of endothelial cells 
and osteoblasts are developed. Third the 
application to the modeling of the 
“canine experimental model” is detailed. 
øs: structural (or solid) fraction 
co: osteoblasts 
n : endothelial cells 
øf: fluid fraction (porosity) 
porosité 
so
u
rc
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cg: anabolic growth factors (e.g. TGF-1) 
c: transforming angiogenic factors 
f: fibronectin factors 
volume element 
source convection diffusion source convection diffusion 
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Figure 8: The biological tissue was modeled as a multiphasic reactive 
porous medium. The tissue healing was due to complex interactions 
between endothelial cells, osteoblasts population, fluid phase, structural 
phase and growth factors. 
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2.2 Governing equations of poroelasticity 
 The osseous matrix is a two phase biological medium: a solid phase and a liquid phase 
representing the extracellular fluid in which evaluate all biological entities. This biphasic 
medium is modeled by a formulation of a saturated porous deformable medium by taking into 
consideration the effect of pressure and deformation.  
 
 Porous medium modeling was first introduced by Terzaghi (Terzaghi K 1947) and 
developed by Biot (Biot MA 1963). Continuous porous medium is a medium composed by a 
solid matrix and by a saturated space composed of interstitial fluid. The matrix is constituted 
by a solid part filled with numerous pores. From this representation, we could define the 
porosity 
f  as the fraction of fluid’s volume over the total saturated volume and the solid 
fraction 
s as the matrix solid volume over the total volume. These fractions are represented 
by this relation: 
 
 1s f    (1)  
 
 We define the continuous medium as a group of particles where we can have bisection 
between the body particles and points of the domain. Two particles of fluid could be related 
between them by a continuous stream line, in this way, saturated fluid phase could be 
considered like a continuous medium. Two material points of the solid matrix stay connected 
whatever mechanical transformation undergoes the matrix. 
 
 Deformable elastic porous medium is modeled by a spatio-temporal superposition of a 
porous solid matrix and a saturating fluid. Porous medium could be considered as drained or 
undrained substance. The undrained behavior concerns a transitory response in a dynamic 
state. Under rapid solicitations, the fluid doesn’t have the time to elapse between connected 
pores. The drained behavior concerns the response to a permanent or a transitory state; also it 
concerns a quasi-static state. This behavioral hypothesis would constitute the main frame of 
our macroscopic formulation.  
 
 The behavior’s laws of a deformable porous medium are linear combination between the 
average stress tensor of the solid medium fraction and the average stress tensor of the fluid 
medium fraction. We use the decomposition of stress tensor to intervene the effective solid 
and fluid tensor on the medium. Thus, we use the decomposition of the stress tensor on an 
elementary volume by the following way: 
 
 s s f f         (2)  
 
 The superposition principle is used to predict the response of the porous medium to the 
hydrostatic pressure and external strains successively. This allows the poroelastic governing 
equation (3) of a volume element to be obtained. K
sm
, E
sm
, v
sm 
are the intrinsic mechanical 
properties of the constitutive material of the structural skeleton, i.e. compressibility 
coefficient, the Young modulus and Poisson ratio. K
e
, E
e
, v
e
, and
 μe (Lamé coefficient) are the 
effective mechanical properties of the porous medium. 
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With: 
  
  3 1 2
e
e
e
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


                  
 3 1 2
sm
sm
sm
E
K



 
(4)  
 
 The governing equation (3) can be rewritten in the form (5) which involves the Biot 
coefficient b and the mechanical strain  . When the intrinsic structural matrix of the tissue 
volume element is incompressible, K
sm 
tends to infinite and b is equal to 1. This assumption 
will be used in the following and finally, the volume variation of tissue volume element will 
be due to external mechanical strain and fluid pressure gradients.  
 
 
2
trace 2
3
e
e e fK I b p I

   
 
        
 
 (5)  
 
 In quasi-static behaviour, kinetic energies are neglected facing strain energies and 
dissipative energies. Assumptions of small strains and incompressible phases (solid phase and 
fluid phase) validate the following. The coupling equation (3) or (5) is joined to conservation 
equations (6) and (7) and Darcy’s law (8) to obtain the set of poroelastic governing equations. 
 
 0 div    with  : volume forcev vf f   (6)  
    fsf J
dt
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qdiv
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(8)  
  
 In quasi-static evolving, the structural volume is kept constant between two time-steps. 
Then the evolving of porosity 
f  (or structural fraction s ) is directly relied to the 
mechanical transform (J) of the porous substrate as expressed by equation (9). 
 
 
 
J
f
f 011




 
and 
ss J  .0 
 
(9)  
 
 The solutions of the set of governing equation (5), (6), (7), and (8) are the kinematics 
admissible displacement field U and the admissible pressure field p
f
.  
2.3 Modeling of the endothelial cells population 
2.3.1 Transport equations of endothelial cells  
 The mathematical model of endothelial cells migration was based on previous 
mathematical model of angiogenesis (Appendix B). We proposed that the bone-implant 
interface is a continuous non-porous medium (Anderson A. R. A. 1998). 
 
 As already discussed in the previous chapter, we assume that the motion of endothelial cells 
(at or near a capillary sprout tip) is influenced by three factors: random motility (analogous to 
molecular diffusion), chemotaxis in response to TAF gradients and haptotaxis in response to 
fibronectin gradients. To derive the partial differential equation governing endothelial cells 
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motion, we first consider the total cell flux and then use the conservation equation for cells 
density. The three contributions to the endothelial cells flux q
n
, are given by: 
 
 
n
random chemo haptoq q q q    (10)  
 
 The random flux is expressed by equation (11). It describes the random motility or the 
passive migration of endothelial cells at or near the sprout tips, n is the endothelial cells 
concentration and D
n
 is a diffusion coefficient. The haptotactic flux is expressed by equation 
(12) involving h
n
 the haptotactic coefficient and f the concentration of FF. This allows taking 
into account an active migration due to adhesion gradient. The chemotactic active migration is 
described by equation (13). The response of endothelial cells is influenced by the gradient of 
TAF which concentration is c. 
 
 nDq
n
random  .  (11)  
 
n
haptoq h n f    (12)  
   cncq nchemo  ..  (13)  
 
 The chemotactic coefficient χn(c) is a receptor kinetic law in the form of equation (14). It 
reflects a biological result showing that the chemotactic sensitivity decreases when the TAF 
concentration increases. Other parameters are the initial chemotactic coefficient n0 , and a 
positive constant nk1 . 
 
  
n
n n 1
0 n
1
k
x c x
k c


 (14)  
 
 The conservation equation of endothelial cells population is given by equation (15) 
involving the source term Ωn. This term allows the proliferation process to be modeled by 
using the logistic law (16) where αn is the proliferation coefficient and nN1  is a concentration 
threshold.  
 
 
n nn q
t


 

 (15)  
  n n n1n N n    
 
(16)  
 
Finally, the governing law of endothelial cells population is expressed by equation (17). 
 
      nNnfnhcncnD
t
n nnnnn 


1.....).(   (17)  
2.3.2 Modeling of Transforming Angiogenic Factors (TAF) 
 TAF are diffusible factors modeled as a continuous population where the principal variable 
is the concentration c. To derive the TAF equation, we first have to consider the initial event 
which is the secretion of TAF by inflammatory cells. Once secreted, TAF diffuse into 
surrounding tissue and extracellular matrix and set up a concentration gradient between the 
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implant and any pre-existing vasculature. During this initial stage, where the TAF diffuse into 
the surrounding tissue (with some natural decay), we assume that the TAF concentration c 
satisfies an equation of the form: 
 
  ,c c
c
D c n c
t


  

 (18)  
 
 D
c
 is the TAF diffusion coefficient and Ωc the decay rate. We assume that the steady-state 
of this equation establishes the TAF gradient between the implant and the nearby vessels and 
it provides the initial conditions for the TAF concentration. As the endothelial cells migrate 
through the extracellular matrix in response to this steady-state gradient (Stokes C. L. 1990), 
there are some uptakes and bindings of TAF by cells (Ausprunk D. H. 1977, Hanahan 1997). 
This is modeled by an uptake function involving the uptake rate λc into Ωc. Thus, the 
conservation of TAF was given by equation (19). 
 
c cc D c n c
t

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    

 (19)  
2.3.3 Modeling of fibronectin factors (FF) 
 Fibronectin is known to be present in most mammalian tissues and has been identified as a 
component of the extracellular matrix. In addition to this pre-existing fibronectin, it is known 
that the endothelial cells themselves produce and secrete fibronectins. Equation (20) describes 
the random diffusion by the Laplacian of concentration Δf while the source term was 
involving the secretion factor ωf and the uptake factor μf due to cells activity. 
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 (20)  
With:  ,f f fn f n n f      
 
(21)  
2.3.4 Influence of the fluid phase 
 Endothelial cells, TAF and FF are related to the presence of interstitial fluid. The behavior 
of the fluid phase is dependent upon the structural phase and is involved into the extracellular 
matrix formation. The strains J and 
f are then included into the equations. The solid 
deformation on TAF and FF is considered negligible due to their solubility in the fluid phase; 
thus, the mechanical transform (J) is only considered in the endothelial cells equation. Finally, 
the set of governing equations describing the endothelial cells population is written as 
follows: 
 
          nNnfnhcncnDnJ
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(22)  
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(24)  
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2.4 Modeling of the osteoblast cells population 
 The osteoblastic cellular population is modeled as a continuous phase. We assume the 
volume was negligible comparing to the volume of the solid and the fluid fractions. The 
osteoblasts concentration C
o
 is defined by the relation (25), involving the solid fraction (or 
mineralized fraction) 
s  and osteoblasts cells population no (Guérin Gaetan 2009). 
 
  1
o
o
s
n
C



 (25)  
 The mass conservation is expressed by equation (26). The left term represents the local 
increase of cells population, and the right term represents the sum of cells crossing the 
boundary of the volume element and the local cells source. The conservation equation is 
expressed by convection-diffusion-reaction type equation (26). 
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(27)  
 
 The diffusion term Do and the convection term Co represent the flux of cellular migration. 
The passive cellular migration is a random migration. The active migration corresponds to a 
chemotactic migration where osteoblasts are guided by the gradient of anabolic growth factors 
(e.g. TGF-β1), and to a haptotactic migration where osteoblasts are guided by the gradient of 
adhesion sites. Theses adhesion sites increase with the formation of extracellular matrix 
s . 
The flux q
o
 of osteoblasts is expressed by the equation (28).  
 
 soosgooooo ChCCCDq   .....  
(28)  
 
 The reactive term Ωo corresponding to the proliferation is expressed by equation (29). The 
proliferation logistic law involves the proliferation rate αo, the maximum concentration omC  
and the concentration of endothelial cells and bone growth factors. The autocrine and 
paracrine action modes are taken into account. The role of physiological concentration of 
growth factors gpC and endothelial cells threshold nl have similar mathematical expression in 
equation (29). This last point allows representing cellular renewal and equilibrium between 
proliferation and cellular death (or apoptosis).  
 
      4o o f o o o g gm p lC C C C C n n            (29)  
 
 In order to take into account the influence of substrate deformation, the strain tensor of the 
volume element is added, as expressed in equation (9). Finally the conservation equation of 
the osteoblasts population is given by equations (30) and (31). 
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 Endothelial cells provide oxygen and nutrients supply and waste elimination. The 
endothelial cells play a major role in the source term of osteoblasts as shown in equation (29) 
and (31). This direct role on the synthesis of osteoblasts in conjunction with anabolic growth 
factors (TGF-β1) also induces an indirect role in the synthesis of osseous matrix.  
2.4.1 Modeling the phase of anabolic growth factors (e.g. TGF-β1) 
 The anabolic growth factors are diffusible factors considered as a continuous phase of 
concentration C
g
. The concentration per volume element is defined by equation (32) involving 
the solid fraction 
s  and the TGF-β1 quantity ng. The volume phase of growth factors is 
considered negligible.  
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 As previously explained, the conservation equation (32) leads to the convection-diffusion-
reaction equation (33) and (34). 
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(34)  
 
 The flux is modeled by a diffusion flux Dg and by a convective flux Cg. These two fluxes 
represent the random diffusion and the transport by the fluid phase into the porous volume 
element. 
 
 /g g g g f sq D C C q     (35)  
  
 The secretion of growth factors by osteoblalsts and endothelial cells is taken into account in 
the source term, equation (36); αg being the synthesis factor. The consumption by osteoblasts 
and endothelial cells is modeled by the decay velocity d
g
. This logistic law implies that the 
more growth factors are present in the volume element, the more osteoblasts and endothelial 
cells might use these growth factors. The limitation is given by the physiological 
concentration . Assuming that the volume element does not involve any fluid source, the 
conservation equation of the phase of anabolic growth factors is expressed by equation (37). 
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Figure 9: Evolution of the bone tissue permeability (s/) 
Figure 10: Evolution of effective Young modulus and effective 
Poisson ratio 
2.4.2 Modeling the tissue consolidation (reactive medium) 
 The conservation equation of the osseous matrix is written by taking into account the 
biological process of mineral matrix synthesis due to osteoblasts. This process is expressed by 
the source term in equation (38) involving the coefficient of matrix synthesis αs, the fluid 
fraction, and the concentration of anabolic growth factors. The governing equation of the 
structural fraction is then given by equation (39). 
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(39)  
 To take into consideration the evolution of tissue permeability during healing, the Kozeny-
Carman model expressed by equation (40) was used (Arramon YP 2001). This model 
maintains the relationship between the permeability and the porosity 
f  (or fluid phase) to be 
expressed. 
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With: 
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(41)  
To manage the transition from fibrous 
tissue to cortical bone, coefficients a and b 
of equation (40) are 2.592x10
-2
 and 4.668 
respectively (Arramon YP, 2001). The 
governing law is shown in Figure 9. 
 
 During healing, the effective 
mechanical properties of neo-formed 
tissue are increasing. The evolving 
porosity is used to update the effective 
Young modulus E
e
 and the effective 
Poisson ratio v
e
 by using equations (42) 
and (43) respectively (Arramon YP 2001). 
 
    
c
e s e s
0E E    (42)      
d
e s e s
0      
(43)  
 
 The governing laws are shown in Figure 
10 for 
eE
0  = 1220 MPa and 
ev
0  = 0.17. 
Coefficients c and d are 1.9 and 0.271 
respectively. The mature host bone 
surrounding the implant is modeled by a 
non-evolutive Young modulus of 5000 
MPa and a Poisson ratio of 0.2667. 
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Figure 12: (a) Radial distribution pattern of mineralized fraction; (b) Healing with low 
solid fraction (fibrous tissue); (c) Healing with homogenous solid fraction (high solid 
fraction) (Søballe et al. 1992, Vestermark et al. 2004) 
 
(a) (c) 
(b) 
2.5 Contribution to the mechanobiology of tissue 
 The model of (Anderson A. R. A., 1998) predicted the migration of endothelial cells toward 
a tumor. Endothelial cells, Tumor Angiogenic Factors (chemotactic response) and 
Fibronectins Factors (haptotactic response) were modelled by using continuous populations 
(see appendix B).  
 
 Previous works of our group concerned the modelling of periprosthetic healing. Transport 
equations in reactive poroelastic media were implemented (Ambard D 2005) and the spatio-
temporal evolution of osteoblast population were predicted taking into account the role of 
anabolic growth factors (chemotactic response) and the porosity gradient (hapotactic 
response). The role of implant surface properties and implant instability on the mineralization 
of neo-formed tissue was studied (Guérin G 2009). 
 
 Our modelling was inspired by (Anderson A. R. A., 1998) and adapted to propose 
governing equations of endothelial cell population, transforming angiogenic factor (TAF) and 
fibronectin factors (FF) in the periprosthetic healing. Original equations described in §2.3 
were combined with the initial approach by (Guérin G 2009) which provided the set of 
governing equations (1) to (9) and (25) to (43) presented in §2.2 and §2.4 respectively. This 
allowed the role of the neo-vascularization on periprosthetic healing to be investigated. The 
finite element resolution was implemented into COMSOL Multiphysics
TM
.  
 
2.6 Application to the “micro motion implant” 
 The application concerns 
a reference experimental 
implant (canine micromotion 
implant) developed within 
the framework of an 
international collaboration 
(K. Søballe - Denmark, J.E. 
Bechtold - USA). 
 
 The implant is located in 
the medial condyle of knees 
of skeletally mature dogs for 
8 weeks In case of unstable 
implant the maximum 
motion magnitude is 500μm. 
The evaluation of the 
healing process is achieved 
by hystomorphometry and 
push-out tests.  
 
Image analysis allows the 
average radial distribution of 
solid fraction to be 
quantified. As shown in 
Figure 12. 
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Figure 11: (a) Implant x-ray; (b) Description, (c) Size of the PMMA implant 
(c) 
ri=3.25 mm 
r 
rs=7 mm 
rd=4.1 mm 
h
o
st
 t
ra
b
ec
u
la
r 
b
o
n
e 
p
o
st
-o
p
er
a
ti
ve
 
g
a
p
 
d
ri
ll
-h
o
le
 
im
p
la
n
t 
z 
O 
im
p
la
n
t 
a
xi
s 
Chapter II – Governing equations of periprosthetic tissue healing 
 
44 
 
Figure 13: The FE meshing was located in the transverse plane (O, 
r,θ) of the implant. The concentric zones of interest were the implant 
surface (ri = 3.25 mm), the post-operative gap (ri ≤ r ≤ rd), and the 
host bone (rd ≤ r ≤ rs) with rd = 4.1 mm and rs = 7 mm. 
Figure 14: The axisymetric model. The FE meshing was located in 
the longitudinal plane (O, r, z) of the implant. The concentric zones 
of interest were the implant surface (ri = 3.25 mm), the bone-
implant interface (ri ≤ r ≤ rd), and the mature bone (rd ≤ r ≤ rs) with 
rd = 4.1 mm and rs = 7 mm. 
 This distribution is characterized by the solid fraction at the implant surface, into the post-
operative gap and close from the drill-hole.  
2.6.1 Macroscopic modeling 
 The periprosthetic zone of interest includes three domains: the trabecular host bone, the 
post-operative gap, and an active zone where bioactive properties of the implant interact with 
growth factors and cellular flux. As shown in Figure 11 (b), the region of interest was 
delimited by the implant radius ri = 3.25 mm, the drill-hole radius rd= 4.1 mm and the 
trabecular bone, rs = 7 mm (≈ 2 × r). The post-operative gap was between ri and rd and the 
host bone was between rd and rs. The implant could be “stable” which correspond to a healing 
process without mechanical deformations, or “unstable”; a configuration that take into 
consideration deformations of the porous medium under mechanical loadings.  
 
 The finite element resolution of the previous governing equations is achieved into 
COMSOL Multiphysics
®
 
2D model 
 The first model is a two dimensional 
model of the transverse section of the 
zone of interest. It permits to study 
symmetrical and nonsymmetrical 
configurations.  
 
 The meshing shown in Figure 13 was 
made of 51968 quadratic triangular 
elements, 26272 mesh points and 
313536 degrees of freedom. The 
number of boundary elements was 
2368, the number of vertex elements 
was 12, and the minimum element 
quality was 0.502 with an element 
aspect ratio of 0.002.  
 
This model is used to predict the 
migration of endothelial cells with a 
stable implant.  
Axisymmetric model  
 The symmetry axis corresponds to 
the vertical axis (z) of the implant 
Figure 14. It is limited by the vertical 
axes (1 and 2). The meshing shown in 
Figure 14 was made of 644 triangular 
elements, 352 mesh points and 14817 
degrees of freedom. The number of 
boundary elements was 76, the number 
of vertex elements was 6, and the 
minimum element quality was 0.747 
with an element aspect ratio of 0.026. 
 
Chapter II – Governing equations of periprosthetic tissue healing 
 
45 
 
 The axisymmetric model is a good representation of the canine experimental implant in-
vivo. Because of the reduction in degrees of freedom, it allowed predicting the healing under 
unstable conditions applied into the cellular population (endothelial cells and osteoblasts).  
 
 The host bone is not influenced by the surgical technique excepting at the drill-hole. The 
zone of particular interest is located between the implant surface and the drill-hole. The 
healing induces a consolidation starting from fibrous tissue to immature bone involving 
osteoid matrix. 
2.7 Conclusion 
 In the second chapter, we proposed a general set of governing equations. The methodology 
of reactive transports in deformable porous media has been associated to computational cell 
biology (cellular migration and proliferation in presence of anabolic growth factors). The 
population of osteoblasts and endothelial cells, the phases of bone growth factors, angiogenic 
factors and fibronectin have taken into account to propose a set of governing equations 
describing the process of intramembranous healing.  
 
 The governed equations were applied to our canine experimental model developed within 
an international collaborative network. The numerical computations were achieved by using 
the finite element method. 
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3.1 Introduction 
 In a first step, we apply the governing equations of endothelial cells population and 
associated growth factors (Transforming Angiogenic Factors TAF and Fibronectin Factors 
FF) in case of a stable implant [equations 10 to 24]. Two numerical experiments (statistical 
experimental designs) are implemented to quantify, first the role of TAF, FF and initial 
concentration of cells on the species transports toward the implant, and second, to study the 
influence of random motility, chemotactic and haptotactic factors on endothelial cells 
migration equations. 
 
 In a second step, we apply the complete set of governing equations (endothelial cells, 
osteoblasts, growth factors) in the case of stable and unstable implant. The role of endothelial 
cells initial concentrations and endothelial cells threshold of proliferation on osteoblasts 
behavior, especially the osseous matrix formation, was treated. Cyclic mechanical loadings 
are applied up to 8 weeks. The amount of new-formed bone is predicted as far as the evolving 
effective stiffness and mechanical properties of periprosthetic tissue. 
 
3.2 Migration of endothelial cells into the periprosthetic zone 
3.2.1 Transport of endothelial cells, transforming angiogenic factors and fibronectin 
factors 
 The 2D model described in section ‎2.6 is used. The radius of the implant surface was 3.25 
mm, the radius of the drill-hole was 4.1 mm and the limit model was 7 mm. Neumann 
boundary conditions were joined to the set of differential equations (4), (6), and (7). As 
expressed by equations (A1a) and (A1b), the cell gradient and the FF gradient were zero at 
the implant surface. In return, the secretion of TAF by local inflammatory cells was expressed 
by equation (A1c). At the drill-hole, the continuity was described by equation (A2a), (A2b) 
and (A2c) for cells, FF and TAF, respectively. Into the host bone, the continuity was given by 
equations (A3a) and (A3b) for cells and FF respectively, and the TAF gradient was zero as 
expressed by equation (A3c). 
 
 The set of continuous governing equations associated with boundary conditions, biological 
parameters and initial conditions were implemented into COMSOL Multiphysics
®
 and solved 
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using a spatio-temporal finite element method. Nodal variables were the endothelial cells 
fraction n, the TAF concentration c and the FF concentration f.  
 
 The biochemical parameters are given in Table 1. These parameters represent the random 
motility, chemotactic and haptotactic effects on endothelial cells, TAF and FF concentrations.  
 
 
 
 To model the inflammatory cells 
secretion of TAF on the surface of the 
implant, the initial conditions of TAF 
concentration was c0 = 10
-10
 moles at the 
implant surface and zero elsewhere. The 
initial concentration of FF should be 
lower than that of TAF. Thus, f0 = 7.5× 
10
-11 
moles was fixed into the host bone 
and zero in the post-operative gap. The 
initial concentration of endothelial cells 
(EC) was n0 = 1000 into the host bone 
and zero into the gap. These data are 
summarized in Table 2 and Table 3. 
 
 The response is computed up to five weeks post-operatively. The evolution with time of 
endothelial cells concentration n, TAF concentration c and FF concentration f were computed 
by using the reference level of input data. 
 
  Figure 15 shows the transient response found at the implant surface ri, into the post-
operative gap rg and at the drill-hole rd. As shown in Figure 15a, the highest concentration of 
TAF is found in the vicinity of the implant within the first days (point 1). Into the gap, the 
concentration was maximal in about 6 days (point 2). At the drill-hole, it is converging at 5 
weeks (point 3). Figure 15b shows the simultaneous increase of FF both at the implant 
surface and into the gap. An acceleration of FF formation is found at the drill-hole within the 
first days of healing (point 1). Convergence is nearly reached at five weeks (point 2). Figure 
15c highlights the time delay of cells concentrations at the drill-hole (point 1), into the gap 
(point 2) and at the implant surface (point 3). Increase rates are similar to reach point 4, point 
5 and point 6 showing the maximum concentration obtained at the implant surface at five 
weeks. 
 
Table 1: Biological parameters in the non-porous continuous model 
 Parameters Values Dimensions Description 
Endothelial 
cells  
Dn 10-9
 cm3/s Diffusion coefficient (Anderson A. R. A. 1998)  
n
0  2600 cm
3/s.mole Coefficient of chemotactic migration  (Anderson A. R. A. 1998) 
h
n
 900 cm
3/s.mole Coefficient of Haptotactic migration (Anderson A. R. A. 1998) 
nk1  2.9x10
-10  Chemotactic response coefficient (Anderson A. R. A. 1998) 
αn 1.9x10-10 mm3/cell.s Proliferation coefficient (Anderson A. R. A. 1998) 
nN1  1000 cell/mm
3 Maximal concentration (Anderson A. R. A. 1998) 
TAF 
Dc 2.9x10
-7 cm3/s Diffusion coefficient of TAF (Anderson A. R. A. 1998) 
λc  725×10-25 mm3/cell.s Uptake coefficient of TAF (Anderson A. R. A. 1998) 
FF 
Df 2x10-7 cm3/s Diffusion coefficient of FF (Anderson A. R. A. 1998) 
ωf 362x10-25 moles/cell.s Synthesis coefficient of FF (Anderson A. R. A. 1998) 
μf 725×10-25 mm3/cell.s Uptake coefficient of FF (Anderson A. R. A. 1998) 
Table 2: Initial boundaries conditions of the non-porous 
continuous model 
 Limit’s values Dimensions 
 Implant 
(r=ri) 
Drill-hole 
(r=rd) 
Model’s limits 
(r=rs) 
 
EC (n) 0 1000 1000 cells/mm3 
TAF 10-10 0 0 moles/mm3 
FF 0 7.5x10-11 7.5x10-11 moles/mm3 
Table 3: Initial conditions of the model 
 Localization Dimensions 
 
Gap junction  
(ri<r<rd) 
Mature bone 
(rd<r<rs) 
 
EC (n) 0 1000 cells/mm3 
TAF 0 0 moles/mm3 
FF 0 7.5x10-11 moles/mm3 
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 Figure 16 shows the radial distribution patterns of TAF, FF and endothelial cells at 5 days, 
10 days and 35 days post-operatively. TAF diffuse towards the host bone and the 
concentration is divided by two at the implant surface after five weeks. At the same time, FF 
show a significant increase at the implant surface since starting from zero, a concentration of 
4×10
-11
 moles is found. After five weeks, TAF and FF show monotonic distribution patterns 
whereas a wave front migration of cells from the host bone towards the implant is predicted. 
At ten days, the population peak is located at mid-gap and developed an oscillation. At twenty 
days, the endothelial cells reach the implant and at thirty-five days, the cells concentration is 
significant as shown in Figure 16b. We note that the oscillation is increasing with time. 
 
 
 
 
 
 
Figure 15: Evolution with time of concentrations in the periprosthetic zone. (a) Transforming growth factors (TAF, 
variable c), (b) Fibronectin factors (FF, variable f), (c) Endothelial cells population (variable n). Concentrations 
computed with the reference value of input data were plotted near the implant surface (─ ri = 3.3 mm), into the post-
operative gap (··· rg = 3.5 mm) and near the drill-hole (– – rd = 3.9 mm).  
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3.2.2 Statistical experimental design: numerical experimentation 
 There is a significant level of uncertainty regarding the assignment of parameter values to 
represent in vivo conditions, particularly when biological and mechanical conditions are 
combined. Therefore, we implement a parametric sensitivity analysis to elucidate how clinical 
and biochemical parameters were influencing endothelial cells migration in the periprosthetic 
zone. We focus on two output measures: 1) the elapsed time ti
 
for the cells population to reach 
the implant surface when coming from the host bone and 2) the distribution pattern of cells 
concentration n(r) into the periprosthetic tissue. We study the concentrations ni, nd and ng, at 
the implant surface, at the drill-hole, and in the middle rg
 
of the post-operative gap, 
respectively. 
  
 We implement two statistical designs of experiments (DOE) (Box G.E.P. 2005, Goupy J. 
2009).  The first numerical experiment, noted DOE1, addresses the role of initial conditions 
for endothelial cells, TAF and FF. The second numerical experiment, noted DOE2, concerns 
the role of random motility and active migrations of endothelial cells. 
 
 The dimensioned factors expressed by equation (A4) are represented at three levels: 
reference level (index r), high and low levels noted (+) and (-) respectively. Output measures 
ti, ci, cg and cd are computed using the reference level and the response is noted ū. High levels 
(+) and low levels (-) are used to successively compute the new responses noted u. 
Discrepancies between responses u and ū are expressed as polynomial equations (44a) for 
DOE1 and (44b) for DOE2. Coefficients a1 to a3 describe the first order direct effects of factor 
variations, coefficients a4 to a6 express the second order combined effects and coefficient a7 
concerns the third order combined effect. 
 
 1 2 3 4 5 6 7u u a n a f a c a nf a nc a fc a nfc         (a) (44)  
 1 2 3 4 5 6 7u u a D a h a a Dh a D a h a Dh            (b)  
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 The interpretation of published data allows establishing plausible levels of ± 25 % for n, f, 
c, D, h, and χ (Lauffenburger D. 1984, Puleo D.A. 1991, Linkhart TA 1996, Maheshwari G. 
1998, Anderson A. R. A. 1998, Dee K.C. 1999, Tranqui L. 2000, Conover C.A. 2000, Bailón-
Plaza A 2003). 
Influence of initial conditions on endothelial cells: DOE1 
 Equation (45) and associated bar diagrams in Figure 17 are the image of DOE1 governed by 
equation (45a). The algebraic sign of ai indicates whether the effect is favorable (+) or 
unfavorable (-) to the magnitude of output measures: the time ti for the cell wave front to 
reach the implant and the cells concentrations nd at the drill-hole, ng into the gap and ni at the 
implant surface, five weeks post-operatively. 
 
 0.43 0.72 1.45 0.14 0.29 0 0.58t t n f c nf nc fc nfc          (a) (45)  
 106 18 180 28 71 5.8 1.67i in n n f c nf nc fc nfc         (b)  
 147.5 9.16 42.5 6.67 14.16 9.16 5.83g gn n n f c nf nc fc nfc         (c)  
 
177.5 8.33 35 14.17 15.83 33.33 53.33d dn n n f c nf nc fc nfc       
 
(d)  
 
 Equations (45b) and (45c) and Figure 17b and c show that initial concentrations of cells in 
the host bone and TAF at the implant surface have predominant and favorable effects on the 
final cells concentration at the implant surface (a1
 
= 106, a3
 
= 180) and into the gap (a1= 
147.5, a3
 
= 42.5). Equation (45d) and Figure 17d show that the initial presence of cells in the 
host bone is predominant to explain the cells concentration (a1
 
= 177.5) at the drill-hole after 5 
weeks. In return, the combined effects of initial cells, TAF and FF (-53.33) tend to decrease 
this concentration. 
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Figure 17: Influence of initial conditions on the prediction of endothelial cells population at five weeks post-operatively: 
DOE1. Bar diagrams plotted coefficients ai of equations (45a) to (45d). (a) Time t for endothelial cell wave front to reach 
the implant (ri = 3.25 mm), (b) Cells concentration ni at the implant (ri = 3.25 mm), (c) Cells concentration ng into the 
post-operative gap (rg = 3.5 mm), (d) Cells concentration nd at the drill-hole (rd = 4.1 mm). 
(a) eq.(45a):ti (b) eq.(45b):ni 
(c) eq.(45c):ng 
(d) eq.(45a):nd 
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Influence of random motility and active migrations on endothelial cells: DOE2 
 Equations (46) and associated bar diagrams in Figure 18 are the image of DOE2 governed. 
The influence of random motility, haptotaxis due to FF and chemotaxis due to TAF, on cells 
wave front migration and cells concentrations at the drill-hole, into the gap and at the implant 
surface, five weeks post-operatively.  
 
 2 0.29 2 0.29 0.87 0.58 0t t D h Dh D h Dh             (a) (46)  
  DhhDDhhDnn ii 155.2155.25.1423510   (b)  
  DhhDDhhDnn gg 16.1433.883.1542.025725.16   (c)  
 6.25 8.75 42.5 3.75 0 5 0d dn n D h Dh D h Dh            
(d)  
 
 
 Equation (46a) and Figure 18a show that the cells random motility or diffusion (a1 = -2) 
and chemotaxis (a3 = -2) have major effects on cells wave front migration and they shorten 
time propagation from the host bone toward the implant. Equation (46b) and Figure 18b 
showed that chemotaxis is preponderant (a3 = 142.5) to explain the cells presence on the 
implant surface after 5 weeks. In the post-operative gap, chemotaxis is present (a3 = 25) but 
its favorable influence is counteracted by the random motility (a1 = -16.25) and haptotaxis (a2 
= -7, a7 = -14.16), as shown in equation (46c) and Figure 18c. Equation (46d) and Figure 18d 
show that chemotaxis is significantly decreasing the cells concentration at the drill-hole (a3 = 
-42.5). Other direct effects and combined effects play minor role.  
 
 
3.3 Role of endothelial cells in the periprosthetic healing 
 It has been shown that the neo-vascularization of the site was playing a key-role in bone 
healing (Street J 2002, Unger 2007, Carano RA 2003). To go further in our studies, we 
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Figure 18: Influence of random motility and active migrations on endothelial cells population: DOE2. Bar diagrams 
plotted coefficients ai of equations (46a) to (46d). (a) Time t for endothelial cell wave front to reach the implant (ri = 3.25 
mm), (b) Cell concentration ni at the implant (ri = 3.25 mm), (c) Cell concentration ng into the post-operative gap (rg = 
3.5 mm), (d) Cell concentration nd at the drill-hole (rd = 4.1 mm). 
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modeled the effect of endothelial cells on the healing process of a stable canine implant: The 
influence of initial conditions is particularly investigated. 
 
 We applied our theoretical formulation to the 3D axisymmetric model presented in section 
‎2.6 with ri = 3.25 mm, rd = 4.1 mm and rh = 7 mm. Effective mechanical properties (E
e
, v
e
, кe) 
of tissue were given in chapter 2 in section ‎2.4.2- Biochemical properties related to cellular 
populations and growth factors are listed in Table 4. For endothelial cells, FF and TAF the 
properties were previously given in Table 1. 
 
 
Table 4: Osteoblasts and TGF-β1 biochemical properties. 
 Parameters Value Dimension Description 
TGF-β1 
D
g
 4.8x10
-11
 m
3
/s diffusion (Maheshwari G. 1998) 
g
pC  0.05 ng/mm
3
 physiological concentration (Roberts AB 2000) 
d
g
 2.5x10
-11
 ng/cell.s cells decay (Wakefield LM 1995) 
αg 5x10-12 ng.mm3/cell2.s TGF-β1 velocity synthesis (Dee K.C. 1999) 
Osteoblasts 
h
o
 1.8x10
-13
 m
5
/s.kg haptotactic migration  (Friedl P 1998) 
D
o 
2x10
-13
 m
3
/s osteobalstic cells diffusion (Dee K.C. 1999) 
χ0 3x10-11 m5/s.kg chimiotactic migration (Maheshwari G. 1998) 
αo 1.9x10-11 mm9/cell2.ng.s proliferation coefficient velocity (Tranqui L. 2000) 
 1x10
4
 cell/mm
3
 maximum concentration (Bailón-Plaza A 2003) 
α
s
 6x10
-9
 mm
6
/cell.ng.s osseous matrix synthesis velocity (Bailón-Plaza A 2001) 
  
Initial conditions and boundary conditions 
 
 Table 5 shows the initial 
concentrations and the boundary 
conditions of osteoblasts, 
endothelial cells, and growth 
factors (FF, TAF and TGF-β1). 
The endothelial cells initial 
concentration varies from 500 to 
1500 cells/mm
3
. This modifies 
indirectly the source term Ωo and Ωg of osteoblasts and TGF-β1 and the synthesis of the 
osseous matrix. The initial solid fraction 
s  is 0.06 in the post-operative and 0.5 from the 
drill-hole (rd) to the limit of the model (rh).  
The effect of endothelial cells initial concentration on the periprosthetic healing 
 The healing process is evaluated up to eight weeks post-operatively and the endothelial 
cells initial concentration in the mature (host) bone varies from 500 to 1500 cells/mm
3
. The 
influence on periprosthetic healing is shown in Figure 19. At the implant surface (ri = 3.25 
mm), the solid fraction 
s  increases as the initial concentrations of endothelial cells also 
increases: 
s  = 0.488 for ni = 500 cells/mm
3
, 
s  = 0.573 for ni = 800 cells/mm
3
, 
s  = 0.62 
for ni = 1000 cells/mm
3
, s  =0.71 for ni = 1500 cells/mm
3
. Results are less significant into the 
post-operative gap and in the vicinity of the drill-hole.  
Table 5: Model and boundaries initial conditions 
 values Dimensions 
 Implant 
(r=ri) 
drill-hole 
(r=rd) 
Limit 
(r=rs) 
 
EC  n 0 500<--<1500 500<--<1500 cells/mm
3 
TAF 10
-10 0 0 moles/mm3 
FF 0 7.5x10
-11 7.5x10-11 moles/mm3 
Osteo. C
o
 0 1000 1000 moles/mm
3 
TGF-β1 0.15 0 0 ng/mm
3 
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Figure 20 shows the periprosthetic 
healing on three focal points in the 
model: on the surface of the implant 
(ri = 3.25mm), in the bone-implant 
interface (rg = 3.7mm), and on the 
drill-hole (rd = 4.2mm). We can see 
that the solid fraction does not 
change a lot in the gap junction and 
on the drill-hole with relative to 
endothelial cells initial concentration. 
While on the other hand, the solid 
fraction is highly sensible on the 
surface of the implant to endothelial 
cells initial concentration. It 
increases with the increment of the 
concentration.   
The effect of nl on periprosthetic healing 
 We implemented a sensitivity analysis to evaluate the role of endothelial cells threshold 
limit nl on osteoblasts source term Ω
o
 and the solid fraction 
s  for eight weeks post-
operatively. Figure 21 shows that only a slight influence is depicted into the post-operative 
gap and close from the drill-hole. From our results, it can be concluded that nl does not play a 
major role in the periprosthetic healing.  
 
Figure 20: Solid fraction (
s ) vs. endothelial cells initial concentration 
after eight weeks of healing on A(-) for (ri = 3.25 mm), B(…) for (rg = 
3.7 mm), and C (--) for (rd = 4.2 mm) 
The effect of endothelial cells initial concentration on the solid fraction  
Gap junction Mature Bone 
Figure 19: The solid fraction reparitiion with variation of the endothelial cells initial concentration in the 
host bone. (-.-), (…), (-) and (---) for an initial concentration of endothelial cells of 500 cells/mm3, 800 
cells/mm3, 1000 cells/mm3and 1500 cells/mm3 respectively. 
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Figure 22: Time distribution of the implant micromotion.  
U(t) = k.uz(t) where k could varies from 0 to 500μm 
 
3.4 Influence of the instability of the implant  
 The periprosthetic healing is dependent upon the mechanical stimuli and associated 
stability or instability of the implant fixation. The loadings might influence the osseous matrix 
production, the gradient of growth factors, the concentration and the proliferation of 
endothelial cells and osteoblasts.  
 
 We focused on the axial instability of the implant. According to the basis of poroelasticity 
of saturated media, the frequency of loadings is low; this also is in agreement with in-vivo 
loadings. In our theoretical approach the fluid-structure interactions modify the transport 
properties and formation of neo-formed bone. 
3.4.1 Shear motion (axial imposed displacement) 
Initial and boundary conditions 
 The 3D axisymmetric model presented in 
section ‎2.6 is used (ri = 3.25mm, rd = 4.1 
mm, rh = 7 mm).  
 
 A cyclic displacement is imposed on the 
implant in z-direction (Figure 14). The 
oscillation corresponds to the average 
magnitude of a daily activity (Figure 22). It 
is modeled by using a half-day sinusoidal 
displacement which magnitude varies from 
0 to 500 μm.  
 
 This displacement induces mainly shear 
into the periprosthetic tissue. 
 
 Boundary conditions in displacement and 
pressure are listed in Table 6. Biochemical 
and material properties are identical to those 
described in section ‎3.3. 
Table 6: Boundary conditions of the poroelastic parameters 
 location boundary condition  dimension 
Ur implant surface 0 mm 
Ur model limit 0 mm 
Uz implant surface 0 … -0.5 mm 
Uz model limit 0 mm 
p model limit 0 N/mm
2
 
p model limit 0 N/mm
2
 
 
Figure 21: Radial distribution of the solid fraction φs as a function of the value of endothelial cells 
limit threshold (nl). nl = 100 cells/mm
3 (_._.), nl = 300 cells/mm
3 (-),  nl = 500 cells/mm
3 (….), nl = 
800 cells/mm3 (---). 
The effect of nl on periprosthetic healing  
Mature Bone Gap junction 
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Figure 23: Influence of the implant's slow shear perturbations on the 
solid fraction øs. (-) is solid fraction after eight weeks at point A. (--) 
at point B and (…) at point C.  
Figure 24: Influence of slow perturbations on the model's limit 
to the solid fraction φs, (-) the effect of solicitation on point A 
(r = 3.25mm), (--) on point B (r = 3.7 mm) and (…) on point C 
(r = 4.2 mm). 
 
The healing process after eight weeks is 
characterized by comparing the solid 
fraction 
s at the implant surface (r = 3.25 
mm, point A), into the periprosthetic gap (r 
= 3.7 mm, point B) and in the vicinity of the 
drill-hole (r = 4.2 mm, point C). 
 
The reference was the stable implant (no 
imposed displacement). Figure 23 shows a 
decrease of the solid fraction in A, B and C. 
However the magnitude is not identical. 
While a stable decrease is found into the gap 
(-5 %) and at the drill-hole (-2 %), the 
decrease at the implant surface is greater (-
12%).  
 
3.4.2 Compressive lateral strain 
 Radial strain due to muscles and ligaments loadings might influence the periprosthetic 
healing. As previously, daily displacements are imposed. 
Initial conditions and boundary conditions 
 The distribution pattern of 
displacements was identical to that plotted 
in Figure 22 (U(t) = k.u(t) where k could 
vary from 0 to 300μm). Radial 
displacement imposed at the boundary of 
the host bone (r = 7 mm) vary from 0 to 
300μm. Boundary conditions are 
summarized in Table 7. 
  
 As previously, the tissue healing is 
compared to that of the unloaded implant 
in term of solid fraction.  
 
 As shown in Figure 24, a decrease of 
s is found at point A, point B and point 
C. Although the solid fraction in A and B 
decreases with almost the same amount of 
4%, the drill-hole does not seem to be 
affected. It also appears that the 
magnitude of imposed strain does not 
affect the variation of solid fraction 
significantly. 
Table 7: Boundary conditions of the poroelastic parameters 
 location boundary condition  dimension 
Ur implant surface 0 mm 
Ur model limit 0 … -0.3 mm 
Uz implant surface 0 mm 
Uz model limit 0 mm 
p model limit 0 N/mm
2
 
p model limit 0 N/mm
2
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3.4.3 Conclusion 
 We have investigated the influence of a daily axial and radial mechanical stimulus on the 
periprosthetic healing of our canine experimental model. Our numerical model provided 
results in good agreement with in-vivo studies (Bechtold JE 2001, 2002), especially for shear 
motion. The axial micromotion tended to decrease the bone formation at the implant surface 
from 5 to 13%. Even if biological tissues (ligaments, muscles) surrounding the arthroplasty 
might modify the mechanical stimuli locally; our model did not predict a significant influence 
of the radial strain. 
3.5 Mechanical stability of the bone-implant interface 
 While this fixation quality is determined primarily by the bone and tissues anchoring the 
implant, many factors (including mechanical, biochemical and biological) influence the 
mechanical efficiency of these tissues. We go further in the analysis of neo-formed tissue in 
shear loading: shear force distribution, effective stiffness and effective shear coefficient 
evolving in time. 
Shear stress behavior 
 The mechanical coupling between the gap tissue and the implant is described by the 
equation (47) with l = 1 mm, ri = 3.25 mm, and rd = 4.1 mm. 
 
      , d 2
s
F r z s rl r      (47)  
 
 This resulting force is calculated in time and for four magnitudes of periodic imposed 
displacement: 10 m, 100 m, 300 m and 500 m. Figure 25 (a) and (b) show the force 
calculated at the implant surface and at the drill-hole. The forces are increasing in time and 
their evolutions are dependent upon the magnitude of micromotion.  
 
 
 For a daily displacement of 500 μm, the corresponding force was increasing up to 50 N. 
The evolving in time and magnitude of imposed axial displacement on the implant tends to 
Figure 25: Force calculated (a) on the border of the implant and (b) on the drill-hole; over eight weeks of 
periprosthetic healing. (-) Force for a displacement of 10 μm. (--) Force for a displacement of 100 μm. (…) 
Force for a displacement of 300 μm. (-.-) Force for a displacement of 500 μm. 
Chapter III – Role of endothelial cells in periprosthetic healing; application to the canine micromotion model 
57 
 
Figure 27: Radial distribution of lamé coefficient calculated in the bone-
implant interface after eight weeks post-operative. (-) for a stable 
unsolicitated implant. (--) for solicitations of 100 μm. (…) for solicitations 
of 300 μm and (-.) for solicitations of 500 μm. 
confirm that our theoretical approach can predict osseous matrix synthesis in the 
periprosthetic tissue, which modifies the global mechanical stiffness of the assembling. 
Effective stiffness of neo-formed tissue 
 Once we have calculated the force applied on the border of the implant and on the drill-
hole. We can calculate the relative stiffness in the bone-implant interface by dividing the force 
over the displacement as seen in equation (48).  
 
  K F w r   (48)  
 
Figure 26 (a) and (b) show the stiffness calculated at the border of the implant and at the drill-
hole. The effective stiffness is increasing with time which means that the solid fraction of the 
osseous matrix is more present and contributes to the bone-implant gap junction. The stiffness 
reaches 110000 N/m after eight weeks post-operative. 
 
   
Effective Lamé coefficient : shear coefficient 
 
 The effective Lamé coefficient, also 
called the shear coefficient is expressed 
by equation (49). 
 
 
 2 1
e
e
e
E
+


  (49)  
 
 Using the methodolgy previously 
described in section ‎2.4.2 , the shear 
coefficient is expressed by using the 
solid fraction 
s . This fraction varying 
in time and in space is accessible in each 
element of the numerical model. This 
allows the effective coefficient to be 
computed in each node of the FE 
meshing and averaged. 
Figure 26: Stiffness on the border of the implant (a) and on the drill-hole (b). (-) is the stiffness for a displacement of 
10 μm. (--)  for a displacement of 100 μm. (…) for a displacement of  300 μm and (-.-) for a displacement of 500 μm. 
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 Figure 27 shows the radial distribution of the effective shear coefficient μe in the bone-
implant interface eight weeks post-operatively. It varies from 200 MPa at the implant surface 
to 80 MPa at the drill-hole with an average value of 120 MPa.  
  
3.6 Conclusion 
 In the first part of the study, we predicted the wave front migration of endothelial cells from 
the host bone towards the implant. A numerical experiment based upon statistical 
experimental design showed that an increase of initial concentration of endothelial cells and 
transforming angiogenic factors was reducing the time propagation of the wave, whereas the 
initial concentration of fibronectin factors was playing a delaying role. Initial concentrations 
of endothelial cells in the host bone and transforming angiogenic factors at the implant 
surface had predominant and favorable effects on the final endothelial cells concentration at 
the implant surface and into the post-operative gap. Chemotaxis played a favorable role on the 
concentration of endothelial cells at the implant surface. 
 
 Endothelial cells initial concentrations in the host bone showed a major role in the 
periprosthetic healing while increasing the solid fraction of neo-formed tissue. However, 
endothelial cells threshold value in the osteoblasts source term did not play a major role in 
osseous matrix synthesis.  
 
 The axial displacement of the implant, or shear motion, was unfavorable to the 
periprosthetic healing. The increase of micromotion was correlated with the decrease of bone 
formation. Radial strain into the host bone did not affect the periprosthetic healing of the 
canine experimental model. 
 
 The methodology allowed the effective mechanical properties of the neo-formed tissue to 
be predicted as functions of solid fraction. The increase of the periprosthetic tissue stiffness 
and effective shear modulus was in correlation with the amount of solid fraction into the neo-
formed tissue. 
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Conclusion and perspectives  
 The long term survival of arthoplasty is strongly related to the quality of the immediate 
post-operative healing of periprosthetic tissue. Despite good primary results, revisions are 
increasing (hip, knee, shoulder). 
 
 In a first step, a bibliographic study highlighted the complexity of events involved into the 
intramembranous healing of a periprosthetic zone. It allowed the central hypothesis of our 
work to be formulated. This was that modeling of mechanobiological interactions and neo-
vascularization into biological tissues of periprosthetic zone might help to investigate the 
multifactorial events in tissue healing. This approach might provide the opportunity to 
investigate phenomena inaccessible in-vivo. 
 
 The method was developed into the second chapter of the document. The methodology of 
reactive transports in deformable porous media has been associated to computational cell 
biology (cellular migration and proliferation in presence of anabolic growth factors). The 
population of osteoblasts and endothelial cells, the phases of bone growth factors, angiogenic 
factors and fibronectin have been taken into account to propose a set of governing equations 
describing the process of intramembranous healing.  
 
 The third part of this work concerned an application to a reference experimental implant 
(canine micromotion implant) developed within the framework of an international 
collaboration (K. Søballe - Denmark, J.E. Bechtold - USA). The spatio-temporal resolution 
was achieved by using the finite element method (mixed formulation displacement-pressure). 
Stable and unstable mechanical (cycling loadings) conditions were simulated.  
 
 Parametric sensitivity studies were implemented to study the role of mechanical instability 
of the implant and the supply from the neo-vascularization of the periprosthetic zone.  
 
 A migration wave-front of endothelial cells was established from the host bone towards the 
implant surface. The initial concentration of endothelial cells showed a significant role on the 
neo-formation of osseous matrix into the post-operative gap and in particular at the implant 
surface and close from the drill-hole. With mechanical instabilities up to 500 microns, the 
numerical model showed a decrease of neo-formed mineralized tissue.  
 
 The model allowed predicting the healing law of periprosthetic tissue in term of effective 
properties: mechanical elastic coefficients (Young modulus and Poisson ratio) after 8 weeks 
post-operatively. This confirmed the potential interests of our original methodology. 
 
To reinforce the reliability of our methodology, perspectives are as follows: 
 
1) Reliability of theoretical and numerical models: 
• To reinforce the stability of the numerical schemes (bifurcation? Reduction of 
computational costs...) 
• To have a better knowledge of poroelastic properties of biological tissue (Kozeny-
Carman ?) 
• To improve the governing laws in mechanobiology  
 
 60 
 
2) Experimental methods: 
• In-vitro study of differentiation proliferation and migration of cellular populations 
(osteoblasts, endothelial cells) on functionalized substrates and in presence of 
mechanical stimuli. 
• Ex-vivo study of the neo-vascularization: dedicated histomorphometry applied to the 
canine micromotion implant. 
• In-vivo instrumentation of the canine micromotion implant (Ft, w(r), K
e
). 
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Glossary 
Wound healing: is an intricate process in which the skin (or another organ-tissue) repairs 
itself after injury. 
Granulation Tissue: is the perfused, fibrous connective tissue that replaces a fibrin clot in 
healing wounds. Granulation tissue typically grows from the base of a wound and is able to 
fill wounds of almost any size it heals. In addition, it is also found in ulcers like oesophageal 
ulcer. 
Endogenous secretion: is the secretion or production of a substance within an organism, 
tissue or cell. 
Endocrine system: is a system of glands, each of which secretes a type of hormone directly 
into the bloodstream to regulate the body. 
Paracrine: relating to a hormone or to a secretion released by (endocrine) cells into the 
adjacent cells or surrounding tissue rather than into the bloodstream.  
Golgi apparatus: is an organelle found in most eukaryotic cells. it processes and packages 
proteins after their synthesis and before they make their way to their destination; it is 
particularly important in the processing of proteins for secretion. The Golgi apparatus forms a 
part of the cellular endomembrane system. 
Endochondral healing: is one of the two essential processes during fetal development of the 
mammalian skeletal system by whichbone tissue is created. Unlike intramembranous 
ossification, which is the other process by which bone tissue is created, cartilage is present 
during endochondral ossification. It is also an essential process during the rudimentary 
formation of long bones, the growth of the length of long bones, and the natural healing of 
bone fractures.  
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Appendix A 
Boundary conditions of the continuous non-porous model 
Boundary conditions of the surface of the implant (A1) 
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Boundary conditions on the drill-hole (A2) 
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Boundary conditions on the model’s limit (A3) 
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n*: is the gradient norm projection on the model boundaries. 
Adimensioned factors 
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Appendix B 
Governing equations of tumor angiogenesis (Anderson A. R. A., 1998) 
 
Transport equation of endothelial cells 
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 : diffusion coefficient  
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: rate of chemotactic active migration due to Tumor Angiogenic Factors  
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 : haptotactic coefficient  
αn : proliferation rate coefficient.  
 
Transport equation of Tumor Angiogenic Factors  
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 : diffusion coefficient  
Ωc(n,c) =  -λc.n.c : source term 
c : uptake rate 
 
Transport equation of Fibronectin Factors  
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with: 
D
f
 : diffusion coefficient 
ωf : proliferation rate 
μf : uptake rate 
 
 
